A Synthetic Nitrogenase:
Insights into the Mechanism of Nitrogen Fixation by a
Single-Site Fe Catalyst

Thesis by
Niklas Bjarne Thompson

In Partial Fulfillment of the Requirements for the
Degree of
Doctor of Philosophy

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2018
Defended May 25, 2018



© 2018
Niklas Bjarne Thompson
ORCID: 0000-0003-2745-4945

All rights reserved

ii



iii

To K. K.-L.,

For helping me learn how to see.

ToG. L. H.,

For teaching me how to understand.



iv

ACKNOWLEDGEMENTS

The fundamental laws necessary for the mathematical treatment
of a large part of physics and the whole of chemistry are thus
completely known, and the difficulty lies only in the fact that
application of these laws leads to equations that are too complex
to be solved.

PauL A. M. Dirac

[EJven the most difficult problems in chemical experimentation
can be solved by the hands of a master.

J. F. W. ADOLF vON BAEYER

This will make him famous, even though he has no talent for
chemistry.

J. F. W. ApOLF voN BAEYER

Conducting academic research is as rewarding as it can be disappointing. Day by

day, if not hour by hour, my time as a graduate student could oscillate from exhilarating to
crushing, a necessary evil that is the byproduct of intense and intellectually satisfying work.
If T have learned, if I have grown as a scientist, it is only by virtue of the steadfastness of my
research adviser, Jonas C. Peters. Over the past five years, Jonas has provided my anchor
as a mentor, philosopher, and, I hope, as a colleague and a friend. My only regret is not

visiting his office more often and taking full advantage of his experience.

I extend my lasting gratitude the the remainder of my thesis committee, Theodor
Agapie, Gregory C. Fu, and Garnet K.-L. Chan. As chair, Theo has constantly pushed
me with deep, even-handed criticism, which has been critical in my growth. Beyond this
role, I have had the opportunity to collaborate with Theo’s own students and postdocs,
interactions that have broadened my scientific experience beyond the narrow focus of my
dissertation work. Greg, too, has constantly reminded me to ask the important, soluble
scientific questions, without which a researcher cannot hope to succeed. Although a more
recent addition to my committee, Garnet has, both through his public seminars at Caltech,
and through our own personal conversations, exposed me to a realm of chemical theory that

has enriched my own worldview.



v

The success of a scientist is, to a large extent, determined by the quality of his peers,

and in that respect I have had the privilege to work alongside outstanding colleagues at
Caltech. Within his own group, Jonas has only ever attracted scientists of a high caliber,
who are too numerous to give a justified account here. Nevertheless, I am deeply indebted to
those who preceded me, particularly John S. Anderson and Marc-Etienne Moret, who laid
the groundwork for all of the work I have accomplished in Jonas’s laboratory. As mentors,
Sid Creutz, Gaél Ung, and especially Jon Rittle have helped to forge me into the chemist
I am today. Trevor Del Castillo has been a constant colleague and friend these past years,
and I am proud to have co-authored my first scientific works together with a mind such as
his. All of the loose ends I have left dangling from this thesis I leave up to those I have
mentored in turn, Matt Chalkley, Dirk-Jan Schild, and Patricia Nance—good luck! To the

rest of the group—thank you!

Outside of the Peters group, I have found collaborators and friends who are no less
important. Graham de Ruiter, Tzu-Pin Lin, and Alice Chang have allowed me to participate
in their own work, to the benefit of us all, I hope. Bryan Hunter has been an inspiration,
not only as a dogged and insightful scientist, but also as a loyal and witty friend. Michael
T. Green, first as an author and then as a colleague, has made me feel welcome in a larger
community where I hope to continue dwelling. The same can be said of Daniel L. M. Suess,
with whom I am eager to work again. Blake Daniels and Kareem Hannoun helped ease
my transition to the strange state of California. Matt Bizjack, Peter Brown, Max Frank,
Liz Lyon, Sam Rappeport, Kareem Sayegh, Ethan Tate, Katie Thomas, Harry Winkler, and
many others, have, over the years, peeled me away from the box and bench, and I can only

say I hope this becomes more frequent.

None of this work would be possible without the well-oiled machine that is CCE. Larry
Henling, Mike Takase, David VanderVelde, among others, make it a pleasure to collect data
at Caltech. Paul Oyala, who has suffered a concentrated dose of my chemical musings with

grace, is a welcome addition to this cadre. Beyond these experimentalists, CCE employs an



vi

efficient and caring administrative staff, without whom we would all be lost.

If we stand on the shoulders of giants, I have had the privilege to glimpse staggering
heights. My parents, both as scientists and as humanitarians, have been a model I don’t
think I can ever hope to achieve. As my long, some 27-odd-year schooling comes, finally,
to an end, words fail to impart my gratitude. Kajsa, I know that you have given up hopes
on the Prize, but if it fails to come, it is not your failing, but the shortsightedness of the
Committee that fails you. Although he will never see the fruits of his labor, Professor
Hillhouse inculcated my hope that I could one day conquer the metal-ligand multiple bond.
And while modern chemistry may descend from a long line of Scandinavian theorists, I am
proud to have descended from a long line of Skénian artists, whose work, for me, is no less

fundamental.

To Sam—it was never going to be easy, but we did it! If I can ever claim to have

finished, it is because of your love.



vii

ABSTRACT

Nitrogen fixation—specifically the conversion of molecular nitrogen (N,) into ammonia
(NH3)—is a fundamental reaction necessary to support life. Our group has recently dis-
covered the first family of well-defined iron complexes that catalyze the conversion of N;
to NHs. This thesis details mechanistic study of the nitrogen fixation chemistry these com-
plexes. Chapter 1 presents an abbreviated overview of catalytic nitrogen fixation, which
places our work in a larger context. Chapter 2 details the synthesis and N;-to-NH3 conver-
sion activity of a series of cobalt complexes that are homologous to the known iron-based
catalysts. The central goal of this work was to provide a structure-function study of the
isostructural cobalt and iron complexes, in which the nature of the transition metal ion was
changed in a fashion that predictably modulated the electronics of the system. Chapter 3
details in situ mechanistic studies of nitrogen fixation catalyzed by the iron complexes under
the originally-reported reaction conditions. In this study, we were able to achieve a nearly
order-of-magnitude improvement of catalyst turnover. Study of the reaction dynamics evi-
dence a single-site mechanism for N, reduction, which is corroborated by in situ monitoring
of catalytic reaction mixtures using freeze-quench >’ Fe Mossbauer spectroscopy. In Chap-
ter 4, we study the key N-N bond cleavage step in the catalytic cycle for nitrogen fixation.
In this chapter, we demonstrate that sequential reduction and low-temperature protonation
of an iron catalyst results in the formation of NH3; and a terminal Fe(IV) nitrido complex.
This result provides a compelling proposal for the mechanism of the catalytic nitrogen
fixation reaction. Finally, in Chapter 5 we present spectroscopic and computational studies
detailing the electronic structures of a redox series of Fe(NNR>) complexes that model key
catalytic intermediates occurring prior to the N-N bond cleavage step. We evidence one-
electron redox non-innocence of the “NNR;” ligand, which resembles that of the classically
non-innocent ligand, NO, and may have mechanistic implications for the divergent nitrogen

fixation activity of the some of the iron complexes studied by our group.



ey

2)

3)

viii

PUBLISHED CONTENT AND CONTRIBUTIONS

Del Castillo, T. J.; Thompson, N. B.; Peters, J. C. A Synthetic Single-Site Fe
Nitrogenase: High Turnover, Freeze-Quench >’Fe Mossbauer Data, and a Hydride
Resting State. J. Am. Chem. Soc. 2016, 138, 5341-5350. N.B.T. participated in the
design and execution of catalytic reactions, performed kinetic analyses, collected
and analyzed freeze-quench Mossbauer spectra, and participated in the preparation
of the manuscript, DOI: 10.1021/jacs.6b01706.

Del Castillo, T. J.; Thompson, N. B.; Suess, D. L. M.; Ung, G.; Peters, J. C.
Evaluating Molecular Cobalt Complexes for the Conversion of N, to NH3. Inorg.
Chem. 2015, 54, 9256-9262. N.B.T. prepared and characterized the complexes of
the alkyl ligand, performed quantum-chemical calculations, and participated in the
preparation of the manuscript, DOI: 10.1021/acs.inorgchem. 5b00645.

Thompson, N. B.; Green, M. T.; Peters, J. C. Nitrogen Fixation via a Terminal
Fe(IV) Nitride. J. Am. Chem. Soc. 2017, 139, 15312—-15315. N.B.T. conceived of
and carried out all experiments, collected and analyzed Mossbauer spectra, analyzed
X-ray absorption spectra, performed quantum-chemical calculations, and prepared
the manuscript, DOI: 10.1021/jacs.7b09364.



ix

TABLE OF CONTENTS
Acknowledgements . . . . . ... L iv
ADbStract . . . . . . e e vii
Published Content and Contributions . . . . . . . . ... .. ... ... .. ..... viii
Table of Contents . . . . . . . . . . . . . e ix
Listof Figures . . . . . . . . . . . . e xi
Listof Tables . . . . . . . . . . . . e XX
Nomenclature . . . . . . . . . . . . e e e e e XXVii
Chapter I: Introduction . . . . . . . . . .. .. L 1
1.1 OpeningRemarks . . . ... ... ... .. ... ... ... ... 1
1.2 The Significance and Challenge of Nitrogen Fixation . . . . . ... ... .. 2
1.3 Catalytic Nitrogen Fixation—A Historical Perspective . . . . . . ... ... 4
1.4 A Synthetic Fe-based “Nitrogenase” . . . . . . .. ... ... ........ 12
1.5 Chapter Summaries . . . . . . . . . . ... 13
References . . . . . . . . . . L 15
Chapter II: Evaluating Molecular Cobalt Complexes for the Conversion of N, to NH3 19
2.1 Introduction . . . . . . . . . ... 19
2.2 Resultsand Discussion . . . . . . . .. ... ... .. ... .. ... ..., 20
23 Conclusion . . . . . ... 33
2.4 Experimental Section . . . . . .. .. .. ... o 34
References . . . . . . . . . . 40
Chapter III: A Synthetic Single-Site Fe Nitrogenase: High Turnover, Freeze-Quench
TFe Mossbauer Data, and a Hydride Resting State . . . . . . . . ... ...... 43
3.1 Introduction . . . . . . . . ... 43
3.2 Resultsand Discussion . . . . . . . .. ... ... L. 46
33 Conclusion . . . . . ... 67
3.4 Experimental Section . . . . ... ... ... o 68
References . . . . . . . . . . e 81
Chapter IV: Nitrogen Fixation via a Terminal [ron(IV) Nitride . . . ... ... ... 85
4.1 Introduction . . . . . . . .. .. 85
4.2 Resultsand Discussion . . . . . . . ... ... oL 88
43 Conclusion . . . . . .. e e 101
4.4 Experimental Section . . . . . . .. ... L Lo 102
References . . . . . . . . . . . . e 114
Chapter V: The Electronic Structures of an [Iron—(NNR»)]*"%~ Redox Series: Ligand
Non-Innocence and Implications for Catalytic Nitrogen Fixation . . . . ... .. 118
5.1 Introduction . . . . . . . . . . . . ... 118
5.2 Resultsand Discussion . . . . . . . . ... ... ... ... ... 121
5.3 Conclusion . . . . . . . .. e e 157

5.4 Experimental Section . . . . . .. .. ... .o oo 158



References . . . . . . . . . . 172
Appendix A: Supplementary Information for Chapter2 . . . . ... ... ... ... 178
Appendix B: Supplementary Information for Chapter3 . . . . . ... .. ... ... 208
Appendix C: Supplementary Information for Chapter4 . . . . ... ... ... ... 246
Appendix D: Supplementary Information for Chapter5 . . . . . .. ... ... ... 306
Appendix E: Isomer Shift Trends in °’Fe Mossbauer Spectra of Phosphine Iron

Complexes: The Role of Covalency . . . . ... ... ... ........... 409

About the Author



Xi

LIST OF FIGURES

Number Page
1.1  Thermodynamics of the reduction of CoHyand N, . . .. ... .. ... .. 3
1.2 Structure of FeMoco and the Lowe-Thorneley kinetic model . . . . . .. .. 7

1.3 Early examples of transition metal mediated nitrogen fixation, and the Chatt
cycles . .o 9

1.4 The electrosynthesis of NH3; and the first examples of synthetic molecular
catalysts for nitrogen fixation . . . . . . .. ... Lo 11
1.5 Cz-symmetric, phosphine-supported Fe complexes relevant to nitrogen fixation 13
2.1 Chemical oxidation and reduction of (P3®)Co(N). . . . . ... .. ... .. 21
2.2 Cyclic voltammagrams of (P3B)YCoMNy) .« . . 21
2.3 Solid-state structures of P3¥)Co complexes . . . . ... ... ... ..... 22
2.4 Synthesis and Oxidation of (P3COMNL). « o 23
2.5 Physical characterization data for (P;6)Co complexes . . . . ... ... ... 23
2.6 Possible valence bond resonance contributors to M—E bonding . . . . . . . . 25

2.7 Vibrational spectroscopy, electrochemistry, and catalytic competence data
for select (P3")M(Ny) complexes . . . . . . . . .o oo it 30
2.8 Electrostatic potential maps of (P3E)Co(N») complexes . . . . . . ... ... 31
2.9 Reactivity of (P3O)CoMNy) toward Hy . . . . . o o oo 32
3.1 Synthetic catalysts for N fixationtoNHs . . . . . .. .. ... ... .. .. 45
3.2 Yields of NH3 obtained using successive reloading of substrate . . . . . . . 47
3.3 Cyclic voltammetry of [(P3®)Fe][BArf,] in the presence of acid . . . . . . . 51
3.4 Time profiles of the formation of NH3; from N; using [(P3B)Fe(N2)]” . ... 53

3.5 Log-log plots of the initial rate of NH3 formation (vy) versus initial concen-

trations of solublereagents . . . . . . . .. ... ... L. 54



3.6
3.7
3.8

39

3.10
3.11
4.1
4.2

4.3

4.4
4.5
4.6
4.7

4.8

4.9
4.10
5.1
5.2
53
54
5.5

Xii
Time profiles of the formation of H; from HBArF, and KCg in Et,0 at —78 °C 56
Plot of ¢ versus ground spinstate S . . . . .. .. ... ... .. .. .... 58

Freeze-quench Mossbauer spectra from a catalytic reaction mixture ([Fe] =

043mM) . . . . L 62
Stoichiometric conversion of (P3B)(,u—H)Fe(H)(N2) into [(P3B)Fe(Ny)]” . .. 64
Possible Catalytic Scenarios for N;-to-NH3 Conversion by [(P3B)Fe(N2)]- . 65
Examples of homolytic and heterolytic N-N bond cleavage reactions . . . . 86

Analogy between the heterolytic activation of O, by heme and N; reduction
byasingleFesite. . . . . ... ... .. 88

Stepwise reduction and protonation of [(P3B)Fe]* to form the cationic hydrazido(2—-)

complex [(P3B)Fe(NNH)|* . . . . . . . . . ... . . ... 89
Collected Mossbauer data for the protonation of [(P3B)Fe(N)Z. . . .. .. 90
Collected XANES data . . . . . ... .. ... .. ... 93
Collected EXAFSdata . . . . ... ... ... ... ... ... . ..... 94

Computational analysis of the protonation of [(P3B)Fe(N»)]* to form the
cationic nitrido complex [(P3®)Fe=N1* . . . . ... ... ... ... ..., 96

Stepwise protonation of [(P3B)Fe(N5)]%>~ to form the cationic nitrido complex

[(PB)Fe=NT*. . . . 97
Proposed mechanism for nitrogen fixationby (P3B)Fe . . . . . . . ... ... 100
Three-center o~ bonding in [(P3BYFe=N1Y* . . . ... 101
Observed reactivity of (P3F)Fe(NNH,) complexes. . . . . .. ... ..... 119

Possible bonding scenarios between a transition metal ion and a “NNR;” ligand 123
Synthesis of [(P3B)Fe(NNMe)*/~. . . . . . .. ... ... ... ... 124
Solid-state structures of the [(P3B)Fe(NNMe,)]*/%~ redox series . . . . . . . 125

Maossbauer spectra of [(PsB)Fe(NNMe) It~ . . . . . . . ... 128



5.6
5.7
5.8
59

5.10
5.11
5.12

5.13

5.14

5.15

5.16

Al

A2

A3

A4

B.1

B.2

B.3

B.4

Collected UV-visspectra . . . . . . . . . ... ... ... ... ... 131
VT NMR data for (P38)Fe(NNMes) . . . . . .. ... ... ... ...... 132
Theoretical description of the 31"0,0 state of (P3B)Fe(NNMe,) . . . . . .. .. 135
Active space orbitals corresponding to the Fe-NNMe, 7 and Fe-B o inter-

actions from a ground state specific CASSCF(10,10) calculation of the 11"0,0

] 721 137
CW X-band EPR characterization of [(P3B)Fe(NNMey)]*/~ . . .. . .. .. 142
Selected HYSCORE spectra of [(P32)Fe(NNMey)]™ . . . .. ... ... .. 143

Spin density isosurfaces for the “I'y and T’y states from BS DFT and

CASSCF calculations. . . . . . . . .. ... .. ... .. ... 149
XANES spectrum of [(P3B)Fe(NNMex)1t . . . . . .. ... ... .. .... 151
Simple model of the electronic structures of [(P3B)Fe(NNMe)]*/%= . . . . 153

Measure of the metal-ligand antiferromagnetic coupling strength from the
number of effectively unpaired electrons . . . . . . . .. ... .. ... ... 154
Proposed roles of ligand radical character in the reactivity of (P3£)Fe(NNHb)
complexes . . . . ... 155

Variable temperature 77 measurements for the hydride resonance of (P3€)Co(H),.181

IR spectra of (P3€)Co(Ny) and (P3)Co(H)y . . . . . o o o o oo oo o .. 182
Calibration curve for NH3 quantification by indophenol method. . . . . . . . 195
Calibration curve for UV-vis quantification of NpoHg. . . . . . . . . ... .. 195

UV-vis traces of 10 mM solutions of HBAr", in Et,O at various stages of

Time courses for NH3 generation by [Na(12-c-4),][(P3B)Fe(N,)] at varying
concentrations of [Na(12-c-4),][(P3B)Fe(N2)] . . . . . . . . . . . ... ... 221
Time courses for NH3; generation by [Na(12-c-4),][(P3B)Fe(N,)] at varying
concentrations of HBAr s . . . . . . . . . .. 222

Solution IR calibration curve for [(P3B)Fe(N)]™ . . . . . . . . . ... ... 225



B.5
B.6

B.7
B.8
B.9
B.10
B.11
B.12
B.13
B.14

B.15

B.16

B.17

B.18

B.19

C.1

C2

C3

C4
C5

Xiv
NMR spectra from the reaction of (P3B)(,u—H)Fe(H)(N2) with HBArF, . . . . 227

IR spectra from the sequential reaction of (P3®)(u-H)Fe(H)(N,) with HBArt4

and KCg . . . . 228
Zero field Mossbauer spectrum of [(P3B)Fe(NH3)][BArf4] . . . . .. .. .. 229
Zero field Mssbauer spectrum of [(P3®)Fe(NoHy)I[BArfy] .. . . .. . .. 230
Zero field Mossbauer spectrum of (P3B)Fe(NHy) . .. ... .. ... .... 231
Zero field Mossbauer spectrum of (P3B)(u-H)Fe(H)(N2) . . . . . . . . ... 232
Zero field Mossbauer spectrum of (P3B)(u-H)Fe(H)(Hy) . . . . . ... ... 233
Zero field Mossbauer spectrum of (P3B)Fe(NAd) . . ... ... ... .... 234
Zero field Mssbauer spectrum of [(P3®)Fe(NAd)][BArf4] . . . . . ... .. 235

Mossbauer spectrum collected from a catalytic reaction quenched after 5
minutes ([Fe]=0.64mM) . . . .. ... ... . . ... ... ... 236
Mossbauer spectrum collected from a catalytic reaction quenched after 25
minutes ([Fe] =0.64mM) . . ... .. ... .. ... ... . .. ... ... 237
Mossbauer spectrum collected from a catalytic reaction quenched after 5
minutes ([Fe] =043 mM) . . . ... . ... .. . . . ... ... 239
Mossbauer spectrum collected from a catalytic reaction quenched after 10
minutes ([Fe]=043mM) . . . . . . . . . . . . . . ... 241
Mossbauer spectrum collected from a catalytic reaction quenched after 25
minutes ([Fe]=043mM) . . . . . . . . .. . . . . ... 243

Low temperature Mossbauer spectra of a freeze-quenched catalytic reaction

MIXIULE . . . . . o o e e e e e e e e e 245
"H NMR spectrum of [(P3B)Fe(N)1>~. . . . . . .. . ... ... ... ... 252
'H NMR spectrum of (P3B)Fe(NNMey) . . . . . ... ... ......... 253
Variable temperature '"H NMR spectra of (P3B)Fe(NNMey) . . . . .. ... 254
'H NMR spectrum of (P3B)Fe(OTf) . . . . . . ... ... .. ........ 255

19F NMR spectrum of (P3®)Fe(OTE) . . . . . . . . . 256



C.6

C.7

C38

C9
C.10
C.11
C.12
C.13
C.14
C.15
C.16
C.17
C.18
C.19
C.20

C.z21

C22

C.23

C.24

13C NMR spectrum of (P3B)Fe(NNMey) . . . oo oo 257
'TH-13C HMQC spectra of (P3B)Fe(NNMe>) . . . .. ... .. ... .... 258
3'P NMR spectrum of [(P3B)Fe(No)) >~ . . . . . . . . . ... ... ... 259
3l p NMR spectrum of (P3B)Fe(NNMes) . . o o o o oo o e 260
Variable temperature 3'P NMR spectra of (P38)Fe(NNMe,) . . . . ... .. 261
I'B NMR spectrum of (P3B)Fe(NNMey) . . . . . o oo o 262
IR spectra of [(P3B)Fe(N2)1>™ . . . . . . . . 263
IR spectrum of (P3B)Fe(NNMes) . . . . . . . .. ... ... ... ..... 264
IR spectrum of (P32)Fe(OTf) . . . .. ... ... ... ... ........ 265
UV-vis spectrum of (P3B)Fe(NNMe,) . . . . . . . .. .. ... ... .... 266
UV-vis spectrum of (P3B)Fe(OTE) . . . . . . . . 267
Maossbauer spectrum of [(P3B)YFe(ND) %~ . . . o o 268
Mossbauer spectrum of (P3B)Fe(NNMe,) . . . . . . . . .. ... ... ... 269
Maossbauer spectrum of (PsBYFe(OTE) . . . . . .. . 270

Freeze-quenched Mdssbauer spectra from protonation studies of °’Fe la-
belled [(P3B)Fe(N;)]*~ using TfOH as the proton source . . . . .. ... .. 271
Freeze-quenched Mossbauer spectra from protonation studies of >’Fe la-
belled [(P3®)Fe(N,)]>~ using HBArF, as the proton source . . . . ... ... 272
Freeze-quenched Mossbauer spectra from protonation of >’ Fe labelled [Na(12-
c-4)1][(P3B)Fe(N»)] using TfOH as the protonsource . . . . . ... ... .. 273
Freeze-quenched Mdssbauer spectra from protonation studies of >’Fe la-
belled [(P3®)Fe(Ny)]*~ using TfOH as the proton source, collected at 5 K . . 274
Freeze-quenched Mdssbauer spectra from protonation studies of °’Fe la-
belled [(P3B)Fe(N2)]2‘ using TfOH as the proton source ([Fe] = 4 mM;

[TTOH]=80mM) . . . . . . . . 275



C.25

C.26
C.27

C.28

C.29
C.30
C.31
C.32
C.33
C.34
C.35

D.1
D.2
D.3
D4
D.5
D.6

D.7
D.8
D.J9
D.10

Xvi

Freeze-quenched Mossbauer spectra from protonation studies of >’Fe la-
belled [(P3B)Fe(N,)]?~ using TfOH as the proton source, prepared for XAS
studies . ... 276
Pre-edge XANES spectrum of (P3B)Fe(NNMey) . . . o o oo oo 277
Pre-edge XANES spectrum of an XAS sample containing predominantly
(P3B)Fe(NNH)) . . . . o o o 278

Pre-edge XANES spectrum of an XAS sample containing predominantly

[(PB)Fe=NT" . . . 279
Pre-edge XANES spectrum of [(P3B)Fe(N)) %™ . . . . . o 280
Cyclic voltammetry of [Na(12-c-4);] [(P3B)Fe(N) . . . . . .o o 281
Cyclic voltammetry of (P3B)Fe(NNMes) . . . o oo oo oo 282

Single and multiple scattering paths computed by FEFF for (P32)Fe(NNMe,) 283
Calibration of the DFT method for prediction of Mossbauer parameters . . . 284
Plots of chemical shift versus temperature for (P3B)Fe(NNMe,) . . . .. .. 285

XANES spectra of the sample of [(P3®)Fe=N]* showing evidence of pho-

toreduction . . . . . . ... 286
'"H NMR spectra of [(P3B)Fe(NNMe>)][BArt,] . . . . . . . ... ... ... 312
Variable temperature '"H NMR spectra of [(P32)Fe(NNMe,)][BArf,] . . . . 313
Variable temperature ISN NMR spectra of (P3B)Fe(PNPNMey) . . . . . .. 314

Room-temperature X-band EPR spectrum of [(P3B)Fe(NNMe,)][BArf4] . . . 315
The decay of [(P3B)Fe(NNMe,)]~, monitored by X-band EPR spectroscopy . 316

Overlaid X-band EPR spectra of [(P3B)Fe(NNMe,)]~ with and without the

addition of benzo-15-c-5 . . . . . . ... Lo 317
Overlaid Q-band ENDOR spectra of [(P3B)Fe(NNMe))]~™ .. ... .. ... 318
Overlaid X-band ENDOR spectra of [(P3B)Fe(NNMe))| ™. . . . . . .. ... 319
X- and Q-band EPR data for [(P3®)Fe(NAd)I[BArfy] . . . . . .. ... ... 320

Overlaid Q-band ENDOR spectra of [(P3B)Fe(NNMe)]*. . . . .. .. ... 321



D.11
D.12
D.13
D.14
D.15
D.16
D.17
D.18
D.19
D.20
D.21
D.22
D.23
D.24
D.25
D.26
D.27
D.28
D.29
D.30
D.31
D.32
D.33
D.34
D.35
D.36

Xvii
Sample HYSCORE powder patterns for an S = 1/2,1 = 1/2 spin system . . . 322
Hyscore spectrum of [(P32)Fe(1*N!*NMe,)]~ collected at a field of 1180 mT 323
Hyscore spectrum of [(P3B)Fe('>’N!' NMe,)]~ collected at a field of 1180 mT 324
Hyscore spectrum of [(P3B)Fe(1*N'“NMe,)]~ collected at a field of 1196 mT 325
Hyscore spectrum of [(P3B)Fe('>’N!NMe,)]~ collected at a field of 1196 mT 326
Hyscore spectrum of [(P3B)Fe(M*N'*NMe,)]~ collected at a field of 1214 mT 327
Hyscore spectrum of [(P32)Fe('>’N'>NMe,)]~ collected at a field of 1214 mT 328
Hyscore spectrum of [(P3B)Fe('*N!#*NMe,)]* collected at a field of 1119 mT 329
Hyscore spectrum of [(P3B)Fe(>N'NMe,)]* collected at a field of 1119 mT 330
Hyscore spectrum of [(P3®)Fe('*N!*NMe,)]* collected at a field of 1167 mT 331
Hyscore spectrum of [(P3B)Fe(>NNMe,)]* collected at a field of 1167 mT 332
Hyscore spectrum of [(P3B)Fe(1*N'*NMe,)]" collected at a field of 1211 mT 333

Hyscore spectrum of [(P3B)Fe('>’N!' NMe,)]* collected at a field of 1211 mT 334

IR spectra of (P3B)Fe(NNMe,) isotopologues . . . . . ... ... 335
IR spectra of [(P3®)Fe(NNMe,)][BArF4] isotopologues . . . . . . ... ... 336
UV-vis spectrum of (P38)Fe(NAd) . . . . . ... ... ... ... ...... 337
UV-vis spectrum of (P3B)Fe(NN[Sia]) . .« o o oo e 338
UV-vis spectrum of (P3B)Fe(NNMes) . . . . . oo o s 339
DFT-based assignment of the optical spectrum of (P3B)Fe(NAd) . . .. . .. 340
80 K M&ssbauer spectra of [(P3®)Fe(NNMep)][BArf4] . . . ... .. .. .. 341
80 K Mossbauer spectra of [(P3B)Fe(NNMex)]|™ . . . . . .. ... ... .. 342
80 K Mossbauer spectrum of (P3B)Fe(NN[Si]2) . . . . . o oo o 343
Cyclic voltammograms of (P32)Fe(NNMe>) . . . . . . . .. ... .. .... 344

Simulation of previously-reported VT 'H NMR spectra of (P3B)Fe(NNMe,) 345
Simulations of the VT magnetic susceptibility data of [(P3B)Fe(NNMe,)]* . 346
Difference densities corresponding to the TD-DFT transitions shown in Fig-

ure D.29 L 347



D.37

D.38

D.39

D.40

D.41

D.42

D.43

D.44

D.45

D.46

D.47

D.48

E.1

E.2

E.3
E.4

xviii
Difference densities corresponding to the three lowest-energy TD-DFT XANES
transitions of [(P3B)Fe(NNMex)|™ . . . . . . . . . ... ... ... ..... 348
CAS(10,10) active space natural orbitals from a state-specific calculation of
(P3B)Fe(NNMe,) in the 'Togstate . . . . . ... .. ... ... ... ... 349
CAS(10,10) active space orbitals from a state-specific calculation of (P3B)Fe-
(NNMe,) in the 11“0,0 state obtained after Foster-Boys localization . . . . . . 350
CAS(10,10) active space natural orbitals from a state-averaged calculation
of (P3P)Fe(NNMep) . . o .o oot oo 351
CAS(10,10) active space natural orbitals from a state-specific calculation of
(P3B)Fe(NNMe,) in the 31“0,0 state, in the triplet geometry . . . . . . . . .. 352
CAS(11,10) active space natural orbitals from a state-specific calculation of
[(P3B)Fe(NNMe,)] inthe 2T_gstate . . . . . . ... ... ... ...... 353
CAS(11,10) active space natural orbitals from a state-averaged calculation
of [(P3B)Fe(NNMeo)|™ . o . o oo 354
CAS(9,10) active space natural orbitals from a state-specific calculation of
[(P3B)Fe(NNMe,)]* inthe *Tygstate . . . . . . ... ..o v ... 355
CAS(9,10) active space natural orbitals from a state-averaged calculation of
[(P3B)Fe(NNMe,)]* over the 10 lowest-energy doublet states . . . . . . . . . 356
CAS(9,10) active space natural orbitals from a state-specific calculation of
[(P3B)Fe(NNMe,)]* in the 4Iﬂr,o state, in the quartet geometry . . . . . . . . 357
Determination of the spin-spin relaxation time (72) from Hahn spin-echo
decay measurements . . . . . ... ...l 358
Pre-edge XANES spectrum of an XAS sample of [(P3B)Fe(NNMe,)][BArf4] 359
Plots of 6 versus n and #zg for for [(Pgsi)Fe(L)]k L=CO,Ny; k=1+,0,1-) 412
Plotof 6 VEersus raff . . . - « « « v v v e e e e e e e 415
Plotof 6 versus yM . . . . . . . . .. .. 416

Correlations between »n and the Fe—P/Fe—E bond distances . . . . . . . . .. 417



E.5

E.6
E.7

E.8

Xix
Plots of the electron density arising from the Fe—L a; orbital in [(P3 SiyFe(L)]"
complexes (L=N,,CO) . . . . . . .. .. 420
MO diagram for a generic (P3¥)Fe(L) complex under idealized C3, symmetry 421
Qualitative correlation diagram constructed from localized orbitals computed
for [(P35)Fe(Ny)]™ and [(P3SHFe(CDIY . . . . . ... ... ... ...... 422

Selected MOs responsible for the value of pg(val) calculated for [(P3B)Fe(N)]*424



XX

LIST OF TABLES

Number Page
1.1 Physical Properties of N, CO,and CHy . . . . . . . . .. .. ... ... .. 3
2.1 Select physical data for (P35 M compounds (E=B,C, Si;M=Fe,Co) ... 26
2.2 NHj Generation from N, Mediated by Cobalt Precursors . . . . . . ... .. 28
3.1 NHj; Generation from N, Mediated by Synthetic Fe Catalysts . . . . . . .. 49
3.2 Comparison of NH3-Generating Reactions . . . . . . ... ... ... ... 55
3.3 Mossbauer Parameters for (P3B)Fe Complexes . . . .. ... ... ..... 57
3.4 Mossbauer Isomer Shift vs. Spin State Correlation for (P32)Fe Complexes . 57
4.1 Collected Mossbauer Parameters . . . . . . . . ... ... ... ... ... 92
4.2 Collected XASData . . . . ... ... ... .. ... 95
5.1 Collected >’Fe Mossbauer Parameters . . . . . . . . . .. ... ....... 129
5.2 Relative Electronic Energies (cm™') for (P32)Fe(NNMe,) from VT NMR,

5.3

54

5.5

5.6

5.7

Al

A2

DFT,and NEVPT2 . . . . . . . . ... . 134
NOON:-based Chemical Bonding Indices for (P3B)Fe(NNMe,) from CASSCF
Calculations . . . . . . . ... e 138
Collected g-tensors from Experiment and Theory . . . . . . . .. ... ... 141
Collected HFC Constants of [(P3B)Fe(NNMe,)]" from Experiment and Theory 145
Collected Anisotropic HFC Constants of [(P3B)Fe(NNMe,)]" from Experi-
mentand Theory . . . . . . . .. ... oo 146
NOON-based Chemical Bonding Indices for [(P3B)Fe(NNMe,)]*/~ from
CASSCF calculations . . . . .. ... ... . . oo 150
UV-vis quantification results for standard NH3; generation experiments with
[Na(12-c-4),][(PsB)CoMN2)] . . . . . . . o 183
UV-vis quantification results for standard NH3 generation experiments with

(P3B)YCo(N2) . . o o 184



A3

A4

AS

A6

A7

A8

A9

A.10

A1l

A.12

A.13

A.14

A.15

A.16

A.17

A.18
A.19

XXi
UV-vis quantification results for standard NH3 generation experiments with
[(Ps®)CoMNDIBAI ] . . o oo 185
UV-vis quantification results for standard NH3 generation experiments with
(P3BYCoBr) . . .o 186
UV-vis quantification results for standard NH3; generation experiments with
(P3SHCOMND) . o o o 187
UV-vis quantification results for standard NH3; generation experiments with
(P3OCOMND) . ot 188
UV-vis quantification results for standard NH3 generation experiments with
[(NArP3)Co(CD][BPhy] . . . . . . oo 189
UV-vis quantification results for standard NH3 generation experiments with
(PBP)Co(N2) . . . . o e 190
UV-vis quantification results for standard NH3; generation experiments with
Co(PPha)ly . . o o e 191

UV-vis quantification results for standard NH3; generation experiments with

UV-vis quantification results for NH3 generation experiments with [Na(12-

c-4)7][(P3B)Co(N»)] and reductant being added first . . .. ... ... ... 194
Crystal data and structure refinement for [Na(12-c-4),][(P3B)Co(N2)] . . . . 196
Crystal data and structure refinement for [(P3B)Co(No)I[BArF4] . . . . . .. 197
Crystal data and structure refinement for (P3)Co(N>) . . . . . . ... ... 198
Crystal data and structure refinement for [(P3C)C0(N2)][BA1*F 7 199
Crystal data and structure refinement for [(NArP3)Co(CD][BPhy] . . . . .. 200
Optimized coordinates for [(P3®)CoN)1= . . .. . .. ... .. ... ... 201

Optimized coordinates for P3COMNL) o o 203



B.1

B.2

B.3

B.4

B.5

B.6

B.7

B.8
B.9

B.10
B.11
B.12
B.13
B.14
B.15
B.16
B.17
B.18

C.1

XXii
UV-vis quantification results for standard NH3 generation experiments with
[Na(12-c-4),][(P3B)Fe(No)] . . . . . . . o 209
UV-vis quantification results for standard NH3 generation experiments with
[KEO)sIIP3OFeN2)] « o v oot 210
UV-vis quantification results for standard NH3; generation experiments with
[Na(12-c-4)2J[(P3SHFe(ND)] « o o o v o e e e e e 211
UV-vis quantification results for standard NH3; generation experiments with
PBY(u-H)Fe(H)(N2) . . . . o o e 212
UV-vis quantification results for NH3 generation experiments with [Na(12-
c-4),][(P3B)Fe(N,)] with the inclusion of NHz . . . . . . . ... ... ... 213
UV-vis quantification results for standard NH3 generation experiments with
[Na(12-c-4),][(P3B)Fe(N,)] using Na/Hg as the reductant . . . . . . .. ... 214
UV-vis quantification results for NH3 generation experiments with [Na(12-
c-4)][(P3B)Fe(Ny)], withreloading . . . . . . . ... ... .. ....... 215
Time profiles for NH3 generation by [Na(12-c-4)2][(P3B)Fe(No)] . . . . . .. 216
Time resolved NH3 quantification data used in initial rates analysis for NH3
generation by by [Na(12-c-4),J[(P3BYFe(N2)] . . o o o oo o e 218
Results of initial rates determination for NHz generation . . . .. . ... .. 223

Least-squares analysis of log-transformed initial rates data from Table B.10 . 223

Time profiles for the generation of H; in the presence of Fe precursors . . . . 224
Results of solution IR calibration of [(P3B)Fe(N)]™ . . . . . .. ... ... 226
Simulation parameters for Mossbauer spectrum in Figure B.14 . . . . . . . . 236
Simulation parameters for Mossbauer spectrum in Figure B.15 . . . . . . . . 237
Simulation parameters for Mossbauer spectrum in Figure B.16 . . . . . . . . 239
Simulation parameters for Mossbauer spectrum in Figure B.17 . . . . . . .. 241
Simulation parameters for Mossbauer spectrum in Figure B.18 . . . . . . . . 243

Crystal data and structure refinement for (P3B)Fe(NNMe,) . . . . ... ... 287



C2
C3
C4
C5
C.6
C.7
C38
C9
C.10
C.11
C.12
C.13

C.14

C.15

C.16

C.17

C.18

D.1
D.2

Crystal data and structure refinement for (P3B)Fe(OTf) . . . ... ... ... 288
Mossbauer simulation parameters for the spectra shown in Figure C.20. . . . 289
Maossbauer simulation parameters for the spectra shown in Figure C.21. . . . 290
Mossbauer simulation parameters for the spectra shown in Figure C.24. . . . 291
Mossbauer simulation parameters for the spectra shown in Figure C.25. . . . 292
Pre-edge XANES fitting parameters . . . . . . ... ... ... ... ... 293
EXAFS fitting parameters for (P32)Fe(NNMe>) . . . . . ... ... ... .. 294
EXAFS fitting parameters for (P32)Fe(NNH,) . . . . .. ... .. .. ... 295
EXAFS fitting parameters for [(PsB)Fe=N1" . ... .. ... ... .. ... 296
EXAFS fitting parameters for [(P3B)Fe(No)1?~ . . . . ... ... ... ... 297
NH3/NyHy4 quantificationresults . . . . . . . . ... L Lo 298

Best fit parameters of variable temperature NMR data of (P3B)Fe(NNMe,)
toEquation C.1 . . . . . . . . .. 299
Gas-phase optimized core structures of the ground state of (P3B)Fe(NNMe,)

(S = 0) using a variety of pure functionals . . . . .. ... ... .. ..... 300
Gas-phase energy differences (AH and AS) for (P32)Fe(NNMe) as a function

of spin state using a variety of pure functionals. . . . . . . . ... ... ... 301
Experimental and computed Mdssbauer parameters used to calibrate the DFT
method. . . . . .. L 302
Calculated gas-phase energy differences (AH and AS) and spectroscopic
parameters for (P32)Fe(NNH») and [(P3B)Fe=N]* as a function of spin state. 303
Comparison of the gas-phase optimized core structures of [(P3B)Fe=N]*
(S=0)and (P3B)Fe=N(S=1/2) . .. ... ... ... ... ... ... .. 304
Crystal data and structure refinement for [(P3B)Fe(NNMe,)][BAr'4]-Et,O . 360
Crystal data and structure refinement for [K(benzo-15-c-5);] [(P3B)Fe(NNMe,)]-4
(2-MeTHF) . . . . . . 361



D3

D4

D.5

D.6

D.7

D.8

D.9

D.10

D.11

D.12

D.13

D.14

D.15

D.16

XXiv
Best fit parameters for the simulation of the VT NMR data of (P3B)Fe(NNMe,)
showninFigure D.34 . . . . . . . .. ... ... 362
Best fit parameters for the simulation of the VT magnetic susceptibility data
of [(P3B)Fe(NNMe,)]* shown in Figure D.35 . . . . . ... ... ... ... 363
Fit parameters for the Gaussian spectral deconvolution of the UV-vis spec-
trum of (P3B)Fe(NAd), shown in Figure D26 . . . . ... ... ... .. .. 364
Fit parameters for the Gaussian spectral deconvolution of the UV-vis spec-
trum of (P3B)Fe(NN[Si»]), shown in Figure D.27 . . . . .. ... ...... 365

Fit parameters for the Gaussian spectral deconvolution of the UV-vis spec-

trum of (P3®)Fe(NNMe,), shown in Figure D.28 . . . . .. ... ... ... 366
Mossbauer simulation parameters for the spectra shown in Figure D.30 . . . 367
Maossbauer simulation parameters for the spectra shown in Figure D.31 . . . 368
Fit parameters for 7, measurments presented in Figure D.47 . . . . . . . .. 369

Pre-edge XANES fitting parameters of the spectrum shown in Figure D.48 . 370
Comparison of experimental (XRD) and gas-phase optimized core structures
of [(P3B)Fe(NNMex)1*/0=. . ..o 371
Spin state energetics for [(P3B)Fe(NNMe,)]* from geometry optimizations
using the TPSS functional . . . . ... .. ... ... ... ... ...... 372
Comparison of experimental and DFT-predicted EPR properties of free N,N-
dimethylhydrazyl radicals. . . . . . . ... ... ... ... . ... ... 373
Wavefunction composition (in terms of CI coeflicients) from a state-specific
CASSCEF(10,10) calculation on the 11“0,0 state of (P3B)Fe(NNMe,), in terms
of the natural orbitals shown in Figure D.38. . . . ... ... ... ..... 374
Wavefunction compositions (in terms of CI coefficients) from a SA-CASSCF(10,10)
calculation on the 10 lowest-energy singlet states of (P3B)Fe(NNMe,), in

terms of the natural orbitals shown in Figure D40 . . . ... ... .. ... 375



D.17

D.18

D.19

D.20

D.21

D.22

D.23

D.24
D.25
D.26
D.27
D.28
D.29
D.30
D.31
D.32

XXV

NEVPT?2 energies from a SA-CASSCF(10,10) calculation on the 10 lowest-
energy singlet states of (P3B)Fe(NNMey) . . . . . ... ... ... ..... 376
Wavefunction composition (in terms of CI coeflicients) from a state-specific
CASSCF(10,10) calculation on the 3 [0, state of (P3B)Fe(NNMe,), in terms
of the natural orbitals shown in Figure D.41. . . . ... ... ... ..... 377
Wavefunction composition (in terms of CI coeflicients) from a state-specific
CASSCEF(11,10) calculation on the ZF_,O state of [(P3B)Fe(NNMe,)]™, in
terms of the natural orbitals shown in Figure D.42. . . . .. ... ... ... 378
Wavefunction composition (in terms of CI coeflicients) from a state-specific
CASSCF(9,10) calculation on the *T',.  state of [(P3®)Fe(NNMe»)]*, in terms
of the natural orbitals shown in Figure D.44. . . . . . .. ... ... .. .. 379
Wavefunction composition (in terms of CI coefficients) from a state-specific
CASSCEF(9,10) calculation on the 41"+,0 state of [(P3B)Fe(NNMe,)]™, in terms
of the natural orbitals shown in Figure D.46. . . . . . ... ... ... ... 380
NEVPT?2 energies of the doublet excited states of [(P3B)Fe(NNMe,)]~, and
their contributions to the g-shifts from CASCI . . . .. ... ... ... .. 381

NEVPT?2 energies of the doublet excited states of [(P3B)Fe(NNMe,)]*, and

their contributions to the g-shifts from CASCI . . . .. ... ... ... .. 382
Overlap of magnetic orbitals from BS DFT calculations . . . . .. ... .. 383
Simulation parameters for HYSCORE spectra of [(P3B)Fe(NNMe,)]|*/~ . . . 384
Optimized coordinates for (P38)Fe(NNMe,) (S =0) . . ... ... ... .. 385
Optimized coordinates for (P3B)Fe(NNMey) (S=1) . . . . .o oo oo . 388
Optimized coordinates for [(P3B)Fe(NNMex)]™ & . . o o o o e e 3901
Optimized coordinates for [(P3®)Fe(NNMe))|" (S=1/2) .. ... ... .. 394
Optimized coordinates for [(P3B)Fe(NNMe)" (S=3/2) ... ... .... 397
Optimized coordinates for [(P3®)Fe(NNMe))]* (S=5/2) .. ... ... .. 400

Optimized coordinates for (P3B)Fe(NAd) . .. ... .. ... ... . ... 403



D.33
D.34
D.35
D.36
E.1
E.2

E.3

E.4

Optimized coordinates for [HoNNMeo]** . . . . . . . ... ... ... ... 406
Optimized coordinates for [HNNMe,[® . . . . . ... ... ... ... ... 406
Optimized coordinates for [NNMe;|*~ (equilibrium geometry) . . . . . . . . 407
Optimized coordinates for [NNMe;]*~ (Coy geometry) . . . . . . . . . . .. 407
Collected Characterization Data for [(P3F)Fe(L)]* Complexes . . ... ... 413
Comparison of py and Fe orbital populations for isoelectronic [(P33))Fe(L)]"

complexes (L=N,,CO) . . . . . . .. ... . 419
Population analysis of the ligand based bonding a; orbital in [(P35)Fe(L)]"
complexes (L=N,,CO) . . . .. .. ... 419

Comparison of pg and population analysis for a series of {FeSi}" complexes 423



NOMENCLATURE

Be-  The Bohr magneton.

12-c-4. 12-crown-4.

2-MeTHEF. 2-methyltetrahydrofuran.
9-BBN. 9-Borabicyclo[3.3.1]nonane.

[BArf,]-. Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

[OTf]". Trifluoromethanesulfonate.
[TBA]*. Tetrabutylammonium.
tBuL.i. tert-butyllithium.

ADP. Adenosine Diphosphate.

atm. Atmospheres; 1 atm = 101.325 kPa = 1.01325 bar.

ATP. Adenosine Triphosphate.

BDE. Bond Dissociation Enthalpy.

CAS. Complete Active Space.

CASSCF. Complete Active Space Self Consistent Field.
Cl. Configuration Interaction.

Cp. Cyclopentadienide.

Cp*. Pentamethylcyclopentadienide.

CPET. Concerted Proton-electron Transfer.
CW. Continuous Wave.

cyclam. 1,4,8,11-Tetraazacyclotetradecane.
DFT. Density Functional Theory.

DME. Dimethoxyethane.

dppe. 1,2-bis(diphenylphosphino)ethane.
ENDOR. Electron Nuclear Double Resonance.

EPR. Electron Paramagnetic Resonance.

XXvii



EXAFS. Extended X-ray Absorption Fine Structure.
Fe.  Ferrocene (FeCp,).

HAT. Hydrogen Atom Transfer.

HER. Hydrogen Evolving Reaction.

HFC. Hyperfine Coupling.

HYSCORE. Hyperfine Sublevel Correlation.

MO. Molecular Orbital.

N[Siz]. 2,2,5,5-tetramethyl-1-aza-2,5-disilacyclopentyl.
Na/Hg. Sodium-mercury amalgam.

NArP;3. Tris(2-diisopropylphosphino-4-methylphenyl)amine.
NCoH;s. 2,2,6,6-tetramethylpiperidyl.

NEVPT2. N-electron Valence Perturbation Theory, of second order.

NMR. Nuclear Magnetic Resonance.

NOON. Natural orbital occupation number.

P3B.  Tris(o-diisopropylphosphinophenyl)borane.
P3C. Tris(o-diisopropylphosphinophenyl)methide.
P33i.  Tris(o-diisopropylphosphinophenyl)silylide.
P;. Phosphate (PO43).

PCET. Proton-coupled Electron Transfer.

PCET. Proton-coupled Electron Transfer.

PhBPR;. [PhB(CH,PR,);]".

PP3;. Tris(2-diphenylphosphinoethyl)phosphine.
Q-band. Approximately 34 GHz.

SQUID. Super-conducting Quantum Interference Device.
TD-DFT. Time-Dependent Density Functional Theory.
TFfOH. Trifluoromethanesulfonic (triflic) acid.

Tg.  Teragram (10! g, or 1 million metric tons).

XXviii



XXixX
THF. Tetrahydrofuran.
TMS. Trimethylsilyl.
TOF. Turnover Frequency.
TON. Turnover Number.
TPP. meso-tetraphenyl-, meso-tetra-p-tolyl-, or meso-tetra-p-chlorophenyl porphyrin.
VN. Valence Number = (Element valence) — (# nonbonding electrons).
X-band. Approximately 9.4 GHz.
XANES. X-ray Absorption Near Edge Structure.

XAS. X-ray Absorption Spectroscopy.



Chapter 1

INTRODUCTION

1.1 Opening Remarks

The chemistry of nitrogen fixation, and the mechanisms by which transition metal
ions—particularly iron—catalyze this fundamental transformation, form the leitmotif of this
thesis. In principle, nitrogen fixation refers to any process by which molecular nitrogen—or
dinitrogen (N;)—is oxidized or reduced to a form that is sufficiently reactive to become
biologically and industrially relevant. Oxidatively, this can be thought to occur via sequential
oxygenation of Ny, first proceeding through nitrous oxide (N,O), and thence cleavage of the
N-N bond to produce nitric oxide (NO), nitrite (NO, ™), and, finally nitrate (NO3™). While
these chemicals are of industrial and biological importance, the direct oxygenation of N>
constitutes a relatively small proportion of terrestrial nitrogen-fixing processes (accounting
for roughly 10% of the 400 Tg or so of fixed N atoms per annum), mostly occurring as a
by product of the combustion of carbon-based fuels and in the extreme ionizing conditions
produced by lightning discharges.! By far more important for the global nitrogen cycle is
nitrogen fixation via reduction, which, conceptually, but not necessarily mechanistically,
proceeds through stepwise hydrogenation of N; to diazene (N>H,), hydrazine (N,Hy4), and,
ultimately, ammonia (NH3). Both N,H» and N>H, are extremely reactive' and in practice,
if they are intermediates in the reduction of Ny, they are themselves generally reduced to
NH;.% The 6 H™/6 e~ reduction of N, to NH;3 accounts for about 90% of the global nitrogen
fixed per annum.! Given its importance, this reaction is our object of study, and unless noted
otherwise, we will use the term nitrogen fixation to refer exclusively to the conversion of

N> to NHj;.

N, Hy, for example, finds use as a propellant in rocket fuel.
iiThere are a handful of systems selectively catalyze the 4 H*/4 e~ reduction of N to NyHy,>™ but these
appear to be the exception rather than the rule.



1.2 The Significance and Challenge of Nitrogen Fixation

Nitrogen is an abundant element, indeed, the 7th most abundant in the universe, and
composes 78.1% of our atmosphere in its molecular form.> It is therefore unsurprising that
all known forms of life contain nitrogen as a constitutive element, where it is found, for
example, in all nucleic and amino acids, and therefore DNA, RNA, and proteins. Industrially,
nitrogen is also an important element, found in commodity chemicals such as isocyanates
(produced on a multi-Tg scale per annum®) and, perhaps more importantly, in fertilizers
for food production.1 However, despite its abundance, the remarkable chemical inertness
of Ny means that it cannot be used directly as a source of elemental nitrogen in chemical
synthesis—hence, it must be “fixed” to a reactive form prior to incorporation into these

important chemicals.

Much of the reactivity—or lack thereof—of N; can be rationlized in terms of its
extremely strong N=N triple bond. In terrestrial chemistry, the homolytic bond strength of
the N, molecule is only surpassed by that of carbon monoxide (CO)."! However, whereas
CO is a heterodiatomic gas, and is therefore dipolar, N; is symmetrical, possesses no dipole
moment in the absence of an external electric field, and for that reason is far less reactive
than CO despite its weaker chemical bond. As judged by the ionization potential, electron
affinity, and proton affinity (Table 1.1), it is less favorable to oxidize, reduce, and protonate
N, when compared with CO. Indeed, it is more favorable to protonate the C—H bond of
methane than it is to protonate N;. Thus, part of the challenge of N fixation lies in the
stability of the N=N bond, which translates into large barriers towards its reduction in the

absence of a catalyst.

However, the peculiar challenge of nitrogen fixation lies not only in the stability of the
starting material (N5 ), but in the nature of the products. Considering the thermodynamics of

the direct hydrogenation of another typical example of a triply-bonded substrate, acetylene

iiiThe strongest chemical bond probably belongs to doubly-protonated N», the linear protodiazonium
dication, [HNNH]?>*,7 although the existence of this species is somewhat dubious.® The related diazonium
cation, [HN;]*, features a similar bond strength, and can be detected in interstellar space.9



Table 1.1: Collected Physical Properties.”

N=N C=0 H;C-H
BDE (kcal mol™1) 225 256
Ionization Potenial (eV) 15.6 14.0
Electron Affinity (eV) -1.8 13
Proton Affinity (eV) 51 6.2 5.6

“Data taken from [3, 10, 11].
bFor the C atom.

(CyH>), we see that after the complete reduction of the C=C triple bond of C,H, to form the
C=C double bond of ethylene (C,H4), the overall process is rendered exothermic (Figure
1.1, left). This is not true for N, reduction, where every transfer of a H*/e~ equivalent
produces a nitrogen hydride intermediate that is unstable with respect to disproportionation
to N> and molecular hydrogen (H). It is only when the N=N triple is completely reduced
to form two equivalents of NHj3 that the overall transformation becomes favorable (Figure

1.1, right). Thus the challenge of N; reduction can be understood to be due to the kinetic

and thermodynamic stability of this unique molecule.

60 : 60
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Figure 1.1: Thermodynamics of the reduction of C,H, (left) and N, (right). Data taken
from [3, 11].

For these reasons, systems capable of the catalytic fixation of N, are exceedingly rare.
Over the millenia of evolution, only a single family of highly conserved enzymes emerged
capable of catalyzing this transformation. Similarly, despite over a century of concerted

efforts, only a single synthetic nitrogen fixation technology is practiced at an industrial
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scale, and operates to this day on more-or-less the same principles as it did at the time of its
discovery in 1909. This dearth has motivated chemists to unravel the mechanistic details of
these paradigmatic nitrogen fixation systems, and continues to drive efforts directed at the

development of novel synthetic catalysts for the reduction of N, to NHj3.

1.3 Catalytic Nitrogen Fixation—A Historical Perspective
1.3.1 The Haber-Bosch Process

Around the turn of the 20th century, the German chemical industry had a vested interest
in devising a chemical synthesis of NH3 from its elements, owing to worries that the outbreak
of war may endanger the supply of nitrates for fertilizer (and munitions).'? In 1909, Fritz
Haber succeeded in demonstrating that a tube furnace containing a transition metal catalyst
and a mixture of purified N, and H, could drive the small, equilibrium formation of NH3
according to Equation 1.1. Industrially-useful reaction rates and single-pass conversion
could be achieved at pressures of around 100 atm and temperatures around 500 °C. Under
the direction of a second chemist, Carl Bosch, this laboratory-scale demonstration was
ultimately commercialized by BASF in 1913. The key to Bosch’s success lay in replacing
Haber’s rather expensive osmium catalyst with a cheaper version based on its 3d congener,

Fe.
catalytic M

N; + 3H, 2 NHj3 (1.1)

~100 atm, 500 °C

The importance of the Haber—Bosch process, as the industrial synthesis of NH3 from
N, and H, has come to be be known, cannot be overstated. The majority of terrestrial
nitrogen is trapped as the inert gas N», and, as such, nitrogen is often a limiting nutrient in
agroecosystems. The industrialization of NH3 synthesis, and thus fertilizer, from N; has
had a dramatic effect on global food security. It is estimated that approximately 50% of the
world’s population exists today as a result of the food production supported by industrial

fertilizer.!® For this achievment, Haber and Bosch both received Nobel Prizes, in 1918 and



1931, respectively.'Y

Due to the pioneering surface studies of Gerhard Ertl, the mechanism of nitrogen
fixation over Fe surfaces has been elucidated.!*!> The key step in this mechanism is the rate-
limiting dissociative adsorption of N; to produce surface-bound Fe nitrides (N*, Equation
1.2), which recombine in a stepwise fashion with surface-bound Fe hydrides (H*) to produce
N-H bonds, culminating in the formation of two molecules of NH3 which desorb from the

catalyst (Equation 1.3). In part for his work on the Haber-Bosch process, Ertl, too, received

a Nobel Prize in 2007.
Fe
N, — 2 N* (1.2)
N* + 3H* > NHj3* - NH; (1.3)
—re

While many improvements in the chemistry and engineering of the Haber-Bosch
process have been made since 1909, including the synthesis of new, highly active catalysts
based on the 4d congener of Group VIII, ruthenium,!?> NH3 generation plants still require
enormous energy inputs to operate. The typical input required is about 116 kcal mol~! per
molecule of NH3 synthesized.'® As a result, Haber-Bosch plants consume approximately
1 to 2% of the world’s energy supply each year to to produce about 120 Tg of fixed
nitrogen."!? This also contributes to CO, emissions, as large amounts of natural gas are
consumed to supply the Hj required via steam reformation. As a large-scale NH3 synthesis
process, it is unlikely that Haber—Bosch will be replaced by emergent N>-to-NH3 conversion
technologies. However, such technologies may ultimately have a role to play in small-scale,
distributed energy infrastructures needed to meet intensifying global energy demands in a

sustainable fashion.!”

VWe should be careful not to lionize Fritz Haber, who, in addition to discovering the first catalytic synthesis
of NHj3 from its elements, also invented chemical warfare during World War 112



1.3.2 Biological Nitrogen Fixation

The fixation of N, to NO, by lightning storms on prebiotic Earth may have provided
the initial supply of fixed nitrogen upon which life evolved; however, because of the high
nitrogen content of, for example, proteins (typically 15% nitrogen>), evolutionary pressure
likely demanded a more efficient and reliable source of reactive nitrogen.'® Ultimately, this
drove the evolution of the nitrogenase family of enzymes, the only enzymatic system known
to catalyze the conversion of N; to NH3. The nitrogenases perform this herculean task at
ambient pressures, using H" derived from water and e~ delivered at biological potentials to
reduce Nj to NH3 via proton-coupled electron transfer (PCET), according to the (apparent)
limiting stoichiometry shown in Equation 1.4.'° Although the ATP-dependent nature of
this reaction means that it, too, is quite costly in energetic terms," the contrast in reaction

conditions when compared with Haber-Bosch is remarkable.

N, +8H" + 8¢ + 16 MgATP — 2 NH; + H, + 16 MgADP + 16 P; (1.4)

It was first recognized in 1930 that transition metals were required for nitrogen fix-
ation by diazotrophic'! bacteria.?! Since that time, our understanding of the mechanism
of biological nitrogen fixation has matured considerably. Nitrogenase is a two-component
system comprised of an obligate ferredoxin-like [Fe4S4] protein (Fe protein) that serves
as a nucleotide-dependent electron donor to a second component that reduces substrate
(MFe protein).22 In addition to a complex [FegS7] electron-transfer cluster (P-cluster), the
MFe protein features, as the active site of substrate binding and reduction, a complex
[MFe;S9C-homocitrate] cluster (the FeM-cofactor, or FeMco). This cluster is composed
of fused [FesS4] and [MFe3S4] cubanes, where M =V, Mo, or Fe, and a unique ,u6—C4_
ligand (Figure 1.2, top).2*?* Biochemical studies of the Mo-dependent nitrogenase of Kleb-

siella pneumoniae have suggested a unified kinetic scheme, the Lowe-Thorneley (LT) cycle,

VThe authors of [16] estimate ~60 kcal mol~!, although this number is highly dependent on the free energy
of hydrolysis of MgATP, which is sensitive to the precise conditions of the cellular environment.?’
ViLiterally, “dinitrogen eaters”.
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which circumscribes the catalytic cycle for N, fixation as a series of kinetically-distinct
PCET events (Figure 1.2, bottom),zs’26 while site-directed mutagenesis studies on the Mo-
dependent nitrogenase of Azotobacter vinelandii have implicated one or more of the Fe

centers of FeMoco in bond-making and -breaking events.?’

—= Lowe-Thorneley kinetic scheme:

'P-cluster

| @ / H*/e” H*/e~ H*/e~ H*/e”
“Feloco g\ —> E1 — E; —)» E; —/> E,
L&) s=2 s=t2{ s=2 ] s=1

L
L]
A ' :
% N, N, H*/e~

y

MoFe 7 Hle-

H*/e™ H*/e™
Resting state — Ey 4= Eg () <— E; (H) <> E, <— E;
S=3/2 j s=12  s=22 [ s=7 s=7
NH3 NH3

Figure 1.2: (Top) Structure of FeMoco bound in MoFe protein from Azotobacter vinelandii
[23], along with the numbering scheme for the Fe atoms. (Bottom) Lowe-Thorneley kinetic
model of the nitrogenase catalytic cycle, adopting the nomenclature of Hoffman and co-
workers [28]. Proposed intermediates that have been the subject of EPR studies are shown
in black, while those in red have not been observed.

Despite these advances, an atomically-precise mechanism for N, reduction by nitroge-
nase has yet to be described. For example, although Fe is now proposed to be the active site
metal for initial N, coordination, even basic questions, such as number and geometry of the
ligating Fe atoms, remain unanswered.”® The central difficulty in studying the mechanism
of nitrogenase lies in the fact that the enzyme is quite promiscuous with respect to its

substrate, and is capable of reducing not just N», but also CN~, CO, C,H;, and N,O, among
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others.?>*>° Even in the absence of these other substrates, nitrogenase will reduce H* (from
water) to Hp, meaning that catalytic intermediates—of which there are myriad—can only be
observed in situ at low temperatures.”® This has motivated synthetic chemists to direct their
efforts at the construction of structural and/or functional models of the active site cofactor,
FeMco, both to expose the elementary reaction steps in the reduction of N, by molecular
catalysts, as well as to develop novel nitrogen fixation technolgies operating via PCET (cf.

Equation 1.4).

1.3.3 Synthetic Molecular Catalysts

The binding of N, to a discrete transition metal center was first observed in 1965 when
Allen and Senoff synthesized the Ru ammine complex shown in Figure 1.3, A3 According
to the classical Dewar-Chatt-Duncanson model, the binding of N, to a metal center should
result in charge-transfer from the manifold of filled d,-symmetry orbitals into the 7* orbitals
of the N, moiety, polarizing the N-N bond, and disposing the distal N atom (Ng) toward
functionalization by electrophiles."! This principle was elegantly demonstrated by Chatt
and co-workers in 1972, reporting the first well-defined""! example of the protonation of N
bound to a transition metal center (Figure 1.3, B).3? Soon thereafter, many more transition
metal systems, principally based off of the Group VI metals Mo and W, were discovered to

promote N, functionalization, including the complete reduction of the N5 ligand to NoHy

and NH3.33

On the basis of these stoichiometric studies, Chatt and co-workers proposed the
schemes shown in Figure 1.3, C for the catalytic reduction of N, mediated by a single-
site transition metal catalyst.>> In what has become to be known as the distal Chatt cycle

(Figure 1.3, C, boxed reactions), a metal-bound N, moiety is sequentially reduced at N,

Vil Qther binding modes of N, are now known,3! but the end-on, 771 binding mode is most relevant to the
catalytic nitrogen fixation systems considered here.

Viii]t should be noted that in 1971 Shilov and co-workers reported the reduction of N; to mixtures of NHj3
and N, Hy in the presence of transition metal salts. Even the catalytic reduction of N; to NoHy was realized,
although the active species in this system is ill-defined.?



A B +
2+
Ny | Ny H, _H |

i i }
N, Ph, Nu  ph, Ph, N Ph,
HaNo., | WNH; P.. | P 2 HX P.. I\ WP
‘RU° E M M
HN"" | SNH P~ | P - N, P~ | P
NH, Phy , Phy Phy x  Phy
M = Mo, W; X = CI, Br
¢ H*/e™, N, NHa
NoH, € M—NH
/ +H+/e‘ \
H*/e™ H*/e™

NH; M—NGENFs —» M==N=NH —>» M=N-="NH, H*/e™
H*/e" X H*/e” H*/e” _ )(
N, M—NH, <€— M=NH --— M=N NH,
K H*/e” /
Figure 1.3: (A) The first example of a molecular transition metal compound that binds N».

(B) The first well-defined example of the protonation of a transition metal bound N, ligand.
(C) The Chatt cycles.

yielding metal diazenido, M(NNH), and hydrazido(2—), M(NNH3), intermediates prior to
the key N-N bond cleavage reaction to produce a terminal metal nitrido, M=N,* and the
first equivalent of NH3. The further 3 H*/3 e~ reduction of this nitrido releases the second

equivalent of NH3 and recovers the low valent starting material in the presence of Nj.

Based on the observation that certain W(N;) complexes promoted the reduction of
the N ligand to the hydrazido(1-) state, M(NHNH,), and could release this ligand as free
N>H,4 upon protonolysis, it was also proposed that the catalytic cycle could diverge at the
M(NNH,) state.’® After a-functionalization to produce M(NHNH,), this hydrazido(1-)
complex could either continue functionalization at N,, leading to the release of NoHy, or
undergo a similar N-N bond cleavage reaction as in the distal mechanism to produce a
terminal metal imido intermediate, M=NH (Figure 1.3, C). A purely “alternating” cycle

can also be envisioned—proceeding from M(NNH) to a metal diazene adduct, M(N,>H»,),

iXPotentially via the intermediacy of a triply B-functionalized hydrazidium species, M(NNH3).
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and thence to M(NHNH;) .*

As an early proof-of-principle demonstration of the Chatt cycle, in 1985 Pickett and
Talarmin reported a cyclic electrosynthesis of NH3 from N; via stepwise protonation and
reduction of trans-(dppe)o W(N»), (Figure 1.4, A),*® however subsequent attempts to ren-
der this process electrocatalytic have been unsuccessful.>® Although the intervening years
have seen numerous examples of the coordination, reduction, and functionalization of N;

at Groups IV through IX metal centers,*>!

the first catalytic nitrogen fixation reaction
mediated by well-defined molecular complexes was only reported in 2003 by Schrock and

co-workers.*?

In the Schrock system, N, is reduced at room temperature and 1 atm in a heteroge-
neous mixture of CrCp*; (Cp* = pentamethylcyclopentadienide), [LutH] [BArf4] ([LutH]*
= 2,6-dimethylpyridinium; [BArF4]~ = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate), and
a catalytic amount of [(HIPTN3)Mo(N,H,)]" (Figure 1.4, B). A variety of (HIPTN3)Mo
complexes with nitrogenous ligands were shown to be effective precatalysts, and yields
up to 8 equivalents of NH3 per Mo atom were obtained. Remarkably, Schrock and co-
workers isolated and characterized 9 of the 14 possible intermediates along a Chatt-like
catalytic cycle, and demonstrated the stepwise interconversion of many of these species
under catalytically-relevant conditions.*** Along with theoretical studies,*® these results

argue strongly in favor of the distal Chatt cycle (Figure 1.3, C).

It took another 8 years before the second example of a catalytic nitrogen fixation
reaction mediated by molecular transition metal complexes was reported by Nishibayashi
and co-workers.*’ In this system, a family of dinuclear Mo complexes featuring PNP
pincer ligands catalyze the reduction of N, to NH3 at room temperature and 1 atm in
a heterogeneous mixture of CoCp, (Cp = cyclopentadienide) and [LutH][OTf] ([OTf]™

= trifluoromethanesulfonate), with yields of up to 26 equivalents of NHz per Mo atom

*There is compelling evidence that the recently-discovered catalytic reduction of N, to NpHy by
bisphosphine-supported Fe complexes might proceed via this mechanism.*3*3 For an example of initial
a-functionalization, see [36, 37].
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Figure 1.4: (A) Cyclic scheme for the electrosynthesis of NH3 reported by Pickett
and Talarmin; after three cycles, the maximum observed yield of NHj3 is 73%. (B)
[(HIPTN3)Mo(N,H,)]" complexes relevant to the catalytic nitrogen fixation reaction de-
veloped by Schrock and co-workers. (C) Dinuclear (PNP)Mo complexes reported by
Nishibayashi and co-workers for catalytic nitrogen fixation.

(Figure 1.4, C).*”*8 The isolation of several Chatt-like intermediates in this system is also
consistent with a distal mechanism, although the precise speciation of Mo (e.g., mono-

versus dinuclear) under turnover conditions is unclear.*”*

Despite these slow beginnings, between 2014 and the present, the number of synthetic
molecular catalysts for nitrogen fixation has expanded considerably; a comprehensive ac-
count can be found in Chapter 3. The field is therefore undergoing an exciting naissance,
which motivates detailed mechanistic study of the most active catalysts. In addition to the
academic merit of such study, elucidating the operating principles behind these catalysts

may inform the design of novel nitrogen fixation technologies in the future.
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1.4 A Synthetic Fe-based “Nitrogenase”

Because of the presence of Mo in the most efficient nitrogenase enzymes and the
early success of synthetic Group VI complexes in stoichiometric N, reduction, much focus
has been placed on the development of Mo-based nitrogen fixation catalysts (vide supra).
However, the proposal that Fe is the substrate-binding site of FeMoco,?’ coupled with the
fact that Fe is the only obligate metal of biological nitrogen fixation,?? has motivated our

group, among others,”° to develop Fe-based nitrogen fixation catalysts.

Taking inspiration from the local trigonal symmetry of the so-called belt Fe atoms
of FeMoco (Fe2 through Fe7, Figure 1.2), we have been interested in the chemistry of
Fe phopshine complexes under C3 symmetry. Under three-fold symmetry, the (3dy2_y2,
3dyy) and (3dy,, 3dy,) orbitals split into two doubly-degenerate e sets, the relative ordering
of which is determined by the degree of pyramidalization about the metal center (Figure
1.5, A). We hypothesized that, in principle, this effect could modulate the -basicity of the
metal, allowing a single Fe center to support both -acidic and 7r-basic nitrogenous moieties
that may be sampled along a N fixation pathway (Figure 1.3, C). Lending credence to this
idea, early work using tris(phosphino)borate ligands demonstrated that a single pseudo-
tetrahedral Fe center can support both N, and N3~ ligands and formal oxidation states

ranging from Fe(0) to Fe(IV) (Figure 1.5, B).>!>?

In recent years, we have focused on a family of Sacconi-type tetradentate ligands,”>
P3E (P3E = tris(o-diisopropylphosphinophenyl)-borane, -methide, or -silylide), in which
three phosphine donors are bonded to a central atom through an o-phenylene linker (E = B,
Si, C; Figure 1.5, C). With this ligand platform, the presence of the axial atom allows the
metal to sample both trigonal bipyramidal and pseudo-tetrahedral geometries, the degree of
pyramidalization depending on the flexibility of the M-E interaction. We have shown that
(P3F)Fe complexes promote the binding and activation of N», as well as the functionalization
of bound N with various electrophiles.”*™° In 2013, it was discovered that the (P3®)Fe

platform could catalytically reduce N, to NH3 using an extremely potent acid/reductant
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Figure 1.5: (A) Qualitative ligand field splitting diagrams for a metal center under idealized
Cs3y symmetry, showing the effect of pyramidalization on the relative energy of the ds and
d, e-symmetry orbitals. (B) Examples of Fe’(N,) and Fe!V=N complexes supported by the

same tris(phosphino)borate ligand. (C) The [(P3F)Fe(N»)]~ complexes that are the subject
of this thesis.

pair—[H(OEt,),][BArF4] (HBArF,) and KCg—in Et,O at —78 °C.%° Soon thereafter, this
catalysis was extended to the (P3¢)Fe platform.”® More recently, we have discovered that a

much milder chemical reductant, CoCp*,, can also drive this catalysis.61

This discovery represents the third example of a synthetic molecular catalyst for ni-
trogen fixation, and the first using the biologically-relevant metal, Fe. As such, we turned
our focus to mechanistic study of the (P3F)Fe system through the combination of synthetic,
stoichiometric, and in situ studies. The body of this thesis details a portion of these efforts,

as summarized below.

1.5 Chapter Summaries
Perhaps counter-intuitively, Chapter 2 details the synthesis and N,-to-NH3 conversion
activity of a series of (P3¥)Co complexes. However, the central goal of this work was

to provide a structure-function study of (P3¥)M complexes in which, rather than altering



14
the nature of the axial E ligand, the nature of the transition metal ion was changed in
a fashion that predictably modulated the electronics of the system. After synthesizing a
series of [(P3¥)Co(N»)]"” complexes and subjecting them to the standard catalytic reaction
conditions developed for the previously-reported Fe catalysts, it was found that only the
borane complex [(P3B)Co(N,)]~ furnished super-stoichiometric yields of NH3, suggesting
that “(P32)Co” serves as a molecular (pre)catalyst for N, fixation, and highlighting the
importance of the Z-type M-B motif in N, fixation activity. Prior to this study, the
only well-defined molecular systems (including nitrogenase enzymes) capable of directly
mediating the catalytic conversion of N, to NH3 contained either Mo or Fe ions. These
results point to Group IX M(N,) complexes as targets for the development of novel N;-fixing

catalysts.

Chapter 3 details in situ mechanistic studies of nitrogen fixation catalyzed by [(P3B)Fe-
(N2)]™ under the originally-reported reaction conditions. In this study, we were able
to achieve a nearly order-of-magnitude improvement of catalyst turnover, at the cost of
lowered yields due to competitive catalyzed and uncatalyzed hydrogen evolving reactions
(HER). Study of the reaction dynamics evidence a single-site mechanism for N, reduction,
and the successful demonstration of electrolytic N»-to-NH3 conversion indicates that the
active redox state during catalysis is [(P3®)Fe(N»)]~. In situ monitoring of catalytic reaction
mixtures using freeze-quench >’Fe Mossbauer spectroscopy suggests that a previously char-
acterized borohydrido—hydrido species is an off-path resting state of the overall catalysis.
This hydride species, which was previously posited to be primarily a catalyst sink, can in-
stead re-enter the catalytic pathway via its conversion to catalytically active [(P3B)Fe(N,)]~.
This observation underscores the importance of understanding hydride reactivity in the
context of metal-mediated N, fixation. The observed HER activity may provide a viable
strategy for recovering catalytically active states from the unavoidable generation of metal

hydride intermediates.

In Chapter 4, we study the key N-N bond cleavage step in the catalytic cycle for N,
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reduction by [(P3B)Fe(N,)]~. Although we had proposed that this process might occur
at a single Fe center in a heterolytic fashion to produce NH3 and a terminal Fe nitride,
such reactivity had never been confirmed experimentally for any Fe(N;) complex. In
this chapter, we demonstrate that sequential reduction and low-temperature protonation of
[(P3B)Fe(N,)]~ cleanly produces the (formally) hydrazido(2—) complex (P3B)Fe(NNH,).
In turn, this species undergoes protonolysis of the N-N bond to produce the terminal nitrido
[(P3B)Fe=N]*. Characterization of these highly reactive species was accomplished via
freeze-quench >’Fe Mossbauer and Fe K-edge X-ray absorption spectroscopy (XAS). This
result validates the hypothesis above, and shows that the distal Chatt cycle is a plausible
mechanism for catalytic nitrogen fixation by [(P3®)Fe(N»)]~. Spectroscopic and computa-
tional studies suggest that this reactivity is enabled by a buffering of the physical oxidation
state range of the Fe via metal-ligand covalency. In this way, the redox behavior of the
(P3B)Fe unit crudely models that of a metallocluster, in which the potential range of multi-
electron processes is compressed by delocalization of electrons/holes among many metals,

a feature of potential relevance to biological N, fixation.

Finally, in Chapter 5 we present spectroscopic and computational studies detailing the
electronic structures of a redox series of Fe(NNR;) complexes that model key catalytic
intermediates occurring prior to the N-N bond cleavage step. Although two closed-shell
configurations of the “NNR;” ligand have been commonly considered in the literature—
isodiazene and hydrazido(2—)—we present evidence suggesting that [(P3E)Fe(NNR;)]"
complexes contain an open-shell [NNR;]*™ ligand coupled antiferromagnetically to the
Fe center. This one-electron redox non-innocence resembles that of the classically non-
innocent ligand, NO, and may have mechanistic implications for the divergent nitrogen

fixation activity of the (P3B)Fe and (P35")Fe platforms.
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Chapter 2

EVALUATING MOLECULAR COBALT COMPLEXES FOR THE
CONVERSION OF N, TO NH;3

2.1 Introduction

Despite extensive study, there are many unanswered questions regarding the rational
design of molecular N,-to-NH3 conversion catalysts. It may be that the ability of a complex
to activate terminally bound N, (often taken to be reported by the IR-active N—N stretching
frequency, vnn) relates to the propensity of that complex to functionalize the N, moiety. For
example, HCo(N>)(PPh3)3 (vnn = 2088 cm™h) quantitatively releases N, upon treatment
with acid, with no evidence of N, functionalization;!"? however, if this cobalt complex is
deprotonated to generate the more activated complex [Li(Et;O)3][(PPh3)3Co(N>)] (vaN =
1900 cm™!), treatment with acid does produce some NH3 and NoHy (0.21 and 0.22 equiv,
respectively).? Extensive efforts have been made to study the activation and functionalization
of N, bound to metal centers of varying electronic properties.>™ In some cases, systems
have been shown to activate bound N to the extent that the N-N bond is fully cleaved.!*-!8
In other cases, it has been shown that the treatment of strongly activated N, complexes with
acid or H, leads to reduced nitrogenous products.'™ However, this guiding principle alone
has been insufficient in the design of synthetic species capable of catalyzing the conversion
of N; to NH3.%19-24 In this regard, it is prudent to study the few systems known to catalyze
this reaction with an emphasis on identifying those properties critical to the observed N;

reduction activity.

In 2013 we reported that [(P3B)Fe(N,)]~ catalyzes the conversion of N, to NH3 at
—78 °C.2! We have postulated that the success of this system in activating N, stoichio-

metrically and mediating its catalytic conversion to NH3 may arise from a highly flexible

Reproduced in part with permission from Del Castillo, T. J.; Thompson, N. B.; Suess, D. L.; Ung, G.;
Peters, J. C. Inorg. Chem. 2015, 54, 9256-9262. © 2015 American Chemical Society.
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Fe-B interaction.?>?% Such flexibility, trans to the N binding site, may allow a single Fe
center to access both trigonal bipyramidal and pseudo-tetrahedral coordination geometries,
alternately stabilizing mr-acidic or m-basic nitrogenous moieties sampled along an N fixa-
tion pathway.* Consistent with this hypothesis, we have studied isostructural P3E-ligated Fe
systems and found a measurable dependence of the nitrogen fixation activity on the identity
of the E atom, with the least flexible E = Si system furnishing divergently low NHj3 yields
and the more flexible E = C or B systems affording moderate yields of NH3.2!:*> However,
the lower NH3 production by the E = Si precursor may alternatively be attributed to other
factors. Potential factors include: (i) a lesser degree of N, activation than that observed in
the E = C or B species (vide infra); (ii) faster poisoning of the E = Si system, for example,

21,22

by more rapid formation of an inactive terminal hydride; or (iii) faster degradation of

the E = Si system, for example, by dechelation of the ligand.

To complement our previous ligand modification studies, here we instead alter the
identity of the transition metal. Moving from Fe to Co predictably modulates the 7 basicity
and electronic configuration of the metal center while maintaining the ligand environment.
In principle, this allows the extrication of electronic effects, such as 7 backbonding, from
structural features, such as geometric flexibility, via a comparison of the Fe and Co systems.
We therefore sought to explore the N; reduction activity of Co complexes of the P3F family
of ligands. While correlating NH3 yields with molecular structure is no doubt informative in
terms of understanding the behavior of nitrogen-fixing systems, correlation does not imply

causation, and the results described herein should be read with that in mind.

2.2 Results and Discussion
2.2.1 Synthesis and Structural Analysis

The previously reported complex (P32)Co(N,) provides a logical entry point to study
the N, chemistry of (P3®)Co complexes (Figure 2.1).%7 The cyclic voltammogram of

(P3B)Co(N») in THF displays a quasi-reversible reduction wave at —=2.0 V vs Fc*/% and
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a feature corresponding to an oxidation process at —0.2 V vs Fc*/ (Figure 2.2). These fea-

tures are reminiscent of the cyclic voltammogram of (P32)Fe(N»), which shows a reduction

event at —2.1 V vs Fc*/? and an oxidation event at —1.5 V vs Fc*/0 26

[Na(12-c-4),]
. N, |
1) 1 equiv NaC4gHg

2) 2 equiv 12-c-4 \Pi
| > iprp—Cor T

»  [Pr,P—Co
1 equiv HBA, | pipr,

Figure 2.1: Chemical oxidation and reduction of (P3®)Co(N,).

11 07 03 -01 -05 -09 -1.3 -12 16 -20 -24 -28 -32
Potential (V) vs. Fc/Fc* Potential (V) vs. Fc/Fc*

Figure 2.2: Cyclic voltammagrams of (P38)Co(N,) scanning oxidatively (left) and reduc-
tively (right) at 100 mV s~ in THF with a 0.1 M [TBA][PFs] electrolyte.

Treatment of (P3B)Co(N,) with 1 equiv of NaCoHg followed by 2 equiv of 12-crown-4
(12-c-4) generates diamagnetic [Na(12-c-4))][(P3B)Co(N,)] as a red crystalline solid (Fig-
ure 2.1). The vy stretch of [(P32)Co(N,)]™ is lower in energy than that of (P3®)Co(N,)
(Table 2.1), and the solid-state structure of [(P3B®)Co(N,)]~ displays contracted Co—N, Co-B,

and Co-P distances compared to (P3B)Co(N3), consistent with increased /o backbond-
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ing to each of these atoms. The one-electron oxidation of (P3B)Co(N») can be achieved
by the addition of 1 equiv of HBArY, at low temperature followed by warming, which
generates red-purple [(P3®)Co][BAr",] (Figure 2.1). The structure of [(P3B)Co]* (Figure
2.3) confirms that it does not bind N, in the solid state. The lack of N, binding at room
temperature for [(P3B)Co]™* is consistent with the behavior of the isostructural Fe complex
[(P3B)Fe] [BArf4].28 SQUID magnetometry measurements indicate that [(P3B)CO]+ is high

spin (S = 1) in the solid state with no evidence for spin crossover.

(P5°)Co(N,) [(P;€)Co(N)]*

Figure 2.3: Solid-state structures of [(P3®)Co(N2)]1~, [(P3B)Col*, (P3%)Co(N»), and
[(P3©)Co(N,)]* as determined by X-ray crystallography. Thermal ellipsoids are shown
at 50% probability. Counterions, solvent molecules, and H atoms are omitted for clarity.

The synthesis of (P35)Co(N,) was reported previously.?” The isoelectronic alkyl
species (P3¢)Co(N;) was obtained in 83% yield as a deep-red solid from the reaction of

(P;%)H, CoCl,-1.5THF, and MeMgCl under an N, atmosphere (Figure 2.4). (P3;5)Co(Ny)
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(van =2057 cm™!) is diamagnetic, possesses C3 symmetry in solution, and binds Ny, as con-
firmed by its solid-state structure (Figure 2.3). The cyclic voltammogram of (P3¢)Co(N,)
in THF displays a quasi-reversible oxidation wave at —1.1 V vs Fc*/0 (Figure 2.5, left).
Treatment of (P3€)Co(N,) with 1 equiv of [Fc] [BArf,] at low temperature allowed for iso-
lation of the one-electron oxidation product [(P3¢)Co(N»)][BArF4] (van = 2182 cm™!) in
86% yield after recrystallization (Figure 2.4). The coordinated N, ligand of [(P3€)Co(N,)]*
is labile and can be displaced under vacuum (Figure 2.5, middle) to generate a vacant or
possibly solvent-coordinated [(P3S)Co(L)]* species. The CW X-band EPR spectrum of

[(P3%)Co(N»)]* at 80 K under N, is consistent with an S = 1/2 species (Figure 2.5, right).

[BArT]

1) CoCly*1.5 THF . .
2) 3 equiv MeMgClI 1 equiv [Fc][BAr 4]
—_—_—

'

(POH
3 N,

Figure 2.4: Synthesis and Oxidation of (P36)Co(N»).

—1 atm N,
[}
2 1.5 ——Vacuum
©
a
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Figure 2.5: (Left) Cyclic voltammogram of (P3%)Co(Ny) scanning oxidatively at 100
mV s~' in THF with a 0.1 M [TBA][PF¢] electrolyte. (Middle) UV-vis spectra of
[(P3€)Co(N»)]* under 1 atm of N, (solid line) and under static vacuum (dotted line;
after three freeze—pump-thaw cycles). Spectra were collected on a 1 mM solution of
[(P3€)Co(N»)]* in THF at 298 K. (Right) CW X-band EPR spectrum of [(P3€)Co(N,)]*
collected under 1 atm of N, in 2-MeTHEF at 77 K. No low-field features were detected.

With these complexes in hand, we have completed the synthesis of a family of isostruc-

tural (P3¥)M complexes of Fe and Co. Select physical data for these complexes are presented
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in Table 2.1. A comparison between the Fe and Co complexes reveals trends which may
be of relevance to the ability of these complexes to mediate the reduction of N, to NHs.
First, consideration of the M-E interatomic distances presented in Table 2.1 reveals that
the (P32)Co platform exhibits a significant degree of flexibility in the M—B interaction,
similar to that observed for the (P3®)Fe platform. Within each platform, the M—B distance
varies by > 0.16 A between the neutral halide and anionic N, complexes. Likewise, the
M-C interaction among (P3¢)Co complexes exhibits flexibility comparable to that of the
analogous iron series. For both platforms, the M—C distance increases by about 0.07 A

upon one-electron reduction of the cationic N, complexes.

A comparison of the trends in the interatomic distances between the isoelectronic
redox series [(P3B)Co(N»)]" and [(P3€)Co(N»)]" reveals divergent geometric behavior.
Upon reduction from (P38)Co(N,) to [(P3B)Co(N,)]~, the Co-B distance decreases by
0.02 A, resulting in a significant decrease in the pyramidalization about Co (At = 0.13).3°
The opposite is true for the reduction of [(P35)Co(N2)]* to (P3S)Co(N,), which results in
an increase in the Co—C distance and an increase in the pyramidalization by the opposite
amount (At = —0.13). A plausible rationale is that the Z-type borane ligand in (P32)Co
complexes enforces a trigonal bipyramidal geometry upon reduction by drawing the Co atom
into the P3 plane with an attractive Co—B interaction (Figure 2.6). The X-type alkyl ligand
in (P3©)Co complexes instead causes a distortion away from a trigonal pyramidal geometry
upon reduction, with a comparatively repulsive Co—C interaction forcing the Co atom above
the P3 plane. Across the [(P331)Fe(N,)]” redox series, the Fe-Si distance contracts by 0.06
A upon reduction (Table 2.1), suggesting that a Z-type [R3Si]* disconnection dominates

over the typical X-type [R3Si:]™ (cf. Chapter 5).

We can also assess the relative abilities of these ligand platforms to activate bound N,
toward further functionalization, as judged by vnn. Making comparisons between valence
isoelectronic Fe (or valence isoelectronic Co complexes) in Table 2.1 indicates that, in terms

of Nj-activating ability, the ligands lie in the series: P35 < P3C < P3B. Indeed, on average,
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M M M M
= o*. e + g .
-— E"Ql /E.'Ql -— E"Qn - E.'Ql

Figure 2.6: Possible valence bond resonance contributors to M-E bonding. Note that
formal charges are not shown.

in a series of isoelectronic complexes vny is 105 cm™! lower in energy for the P3® congener
compared to the P3% complex, and 12 cm™~! lower in energy for the P3¢ congener compared

to the P35 complex.

At first glance, this appears inconsistent with the o-accepting character of the borane
ligand, which should render the metal center less basic. Indeed, the short M—B distances
observed in [(P3B)M(N,)]" complexes are indicative of such an interaction. However,
this analysis is complicated by the differences in charge across each series, for the borane
congener possesses one fewer proton in any isoelectronic series. Charge likely plays an
important role in activating N, toward functionalization, given that charge delocalization
via  backbonding will increase the basicity of Ng, by symmetry arguments (vide infra).
If we now consider complexes with identical charge states, we see that vnN approximately
follows the trend expected from the donor properties of the apical atom: P3B < P35 < P53,
Although we have now removed an electron from the valence shell of the borane congener,
such comparisons are reasonable considering that the HOMO for these species should be
an orbital of 34,22 or 3dyy parentage, which, by symmetry, has no overlap with the N 7*

orbitals.3!

2.2.2 Evaluating N,-to-NH3 Conversion Activity
The reactivity of these (P3¥)Co complexes with sources of H* and e in the presence
of N, was investigated. Similar to the anionic complex [Na(12-c-4),][(P3B)Fe(N,)],2!

treatment of a suspension of [Na(12-c-4),][(P3B)Co(N,)] in Et,O at —78 °C with excess



Table 2.1: Select physical data for (P3¥)M compounds (E = B, C, Si; M = Fe, Co)

E= Complex wn em™)  Ejp (V)P S dM-E)(A)  dM-Np) (A)  dM-P)y (A) X 2(P-M-P) (°)
(P3®)Fe(Br) (15¢7) - - 32 2.458(5) - 2.41 343
Be [(P3B)Fe]* (13e7) - - 32 2217(2) - 2.38 359

(P3B)Fe(N>) (16¢€7) 2011 - 1 - - - -

[(PsB)Fe(N)]~  (17¢€7) 1905 -2.10 12 2.293(3) 1.781(2) 2.25 353
Fe [(P;OFe(N2)I* (16¢€7) 2128 - 1 2.081(3) 1.864(7) 2.36 358
C! (P;O)Fe(Ny) (17¢) 1992 -120 12 2.1523) 1.797(2) 2.25 354
[(P;€)Fe(Np)]~  (18¢7) 1905 -255 0 216502 - 2.20 357"
[(P3SHFe(Np)I*  (16¢€7) 2143 - 1 2.298(7) 1.914(2) 2.39 352
Si®  (P3ShFe(Ny) (17¢7) 2003 -1.00 12 22713(6) 1.8191(1) 2.29 354
[(P;5)Fe(N2)]~  (18¢€7) 1920 -220 0 2.236(1) 1.795(3) 2.20 354
(PsB)CoBr)’  (16e7) - - 1 2.4629(8) - 2.34 338
B [(P3®)Co]* (14¢7) - - 1 2.256(2) - 2.33 359
(P38)Co(N>) (17¢7) 2089 -020 12 2.319(1) 1.865(1) 2.28 349
Co [(P3B)CoN2)]~  (18¢7) 1978 200 0  230003) 1.792(2) 2.19 353
c [(P;9)Co(NYI*  (17¢€7) 2182 - 12 2.0542) 1.886(3) 2.29 358
(P3€)Co(Ny) (18¢7) 2057 - 0 21354 1.814(5) 2.23 355
Si¢  (P;S)Co(Ny)  (18¢7) 2063 - 0 22327(7) 1.814(2) 2.23 355

Unless noted otherwise, data for cationic species are referenced from the [BArF 4]~ salts and data for anionic species are referenced
from the 12-c-4 encapsulated Na* or K* salts. Valence electron counts are provided for bookkeeping purposes. *IR data were
collected in the solid state (KBr pellet or thin film). PAll potentials referenced to Fc*/? in THF electrolyte. °Data taken from [26,
28]. 9Data taken from [22]. ¢Data taken from [34, 35]. fData taken from [27]. €Data taken from [29]. "Metrics calculated from the
non-encapsulated K* salt.

9¢
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HBAr", followed by excess KCg under an atmosphere of N, leads to the formation of 2.4
+ 0.3 equiv of NH3 (240% per Co; Table 2.2, A). Yields of NH3 were determined by
the indophenol method;3? no hydrazine was detected by a standard UV—-vis quantification
method.?> While we acknowledge that the NHj yields are close to stoichiometric, we
underscore that the yields are reproducibly above 2.1 equiv. While such yields are merely
suggestive of bona fide catalysis, they are consistently greater than 200% yield of NHj3
normalized to the Co in [(P3B)Co(N,)]™ and represent an order of magnitude improvement
over what was, at the time of publication, the only previous report of N-to-NH3 conversion

mediated by well-defined cobalt complexes (NH; yield < 0.21 equiv per Co,” vide supra).

Notably, no NH3 is formed when either [(P3B)Co(N,)]~, HBArF,, or KCg is omitted
from the standard conditions, indicating that all three components are necessary for NH3
production. In an effort to study the fate of [(P3B)Co(N,)]~ under the reaction conditions,
we treated [(P3B)Co(N»)]~ with 10 equiv of HBArf4 and 12 equiv of KCg and observed
signs of ligand decomposition by >'P NMR. If the observed reactivity indeed represents
modest catalysis, ligand decomposition under the reaction conditions provides a plausible
rationale for the limited turnover number. As a control, free ligand (P3®) was subjected to

the standard conditions as a precatalyst, leading to no detectable NH3; production.

Interestingly, although [(P3B)Co(N3)]~ and [(P3B)Co]* both generated substantial NH3
under the standard conditions, submitting the charge neutral complex (P38)Co(N») to these
conditions provided attenuated yields of NH3z, comparable to the yields obtained with
(P3B)Co(Br) (Table 2.2, B-D). Furthermore, complexes (P35)Co(N») and (P3¢)Co(N»),
which are isoelectronic to [(P3B)Co(N,)]~, are not competent for the reduction of N, with
protons and electrons, producing < 0.1 equiv of NH3 and no detectable hydrazine under
identical conditions (Table 2.2, E and F). This result appears to underscore the importance

of the nature of the M—E interaction in facilitating N fixation by (P3¥)M complexes.

To further explore the generality of N, conversion activity for Co complexes under these
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Table 2.2: NHj3 Generation from N, Mediated by Cobalt

Precursors?®
Co complex
N, + HBArf 4 + KCg ———— NH;3
-78°C, Et,O
Entry Cobalt complex NHj3; equiv per Co
A [Na(12-c-4),][(P3B)Co(N»)] 2.4+0.3°
B (P3B)Co(N») 0.8+0.3
C [(P38)Co(N»)][BATF 4] 1.6 +0.2
D (P38)Co(Br) 0.7+0.4
E (P35)Co(N») <0.1
F (P3;5)Co(N») 0.1+0.1
G [(NArP3)Co(C1)][BPhy] <0.1
H (PBP)Co(N,) 0.4+0.2
I Co(PPh3)1; 04+0.1
J CoCp2 0.1 +£0.1
K C0,(CO)g <0.1

4Cobalt precursors at —78 °C under an N, atmosphere treated
with an Et,O solution containing 47 equiv of HBAr 4, followed
by an Et,O suspension containing 60 equiv of KCg. Yields are
reported as an average of three runs.

b Average of six runs.
[BPhy]

N2 cl —|
| i | tBu,P—Co—P1Bu,

. Co:**PiPr, < )
iProP—
2 \ . B\

PiPr2 N

N2

conditions, we screened a number of additional Co species. We targeted, for instance, a Co
complex of the ligand tris(2-diisopropylphosphino-4-methylphenyl)amine (NArP3).3® The
synthesis of a (NArP3)Co complex completes a family of tris(phosphino)cobalt complexes
featuring L-, X-, and Z-type axial donors. The chloro complex [(NArP3)Co(Cl)][BPhy]
(Table 2.2, G) was isolated as purple crystals in 90% yield from the reaction of the NArP;
ligand with CoCl, and NaBPhy. An X-ray diffraction study revealed a pseudo-tetrahedral
geometry at the Co center, with minimum interaction with the apical N atom of the ligand
(d = 2.64 A). As expected for tetrahedral Co(II), [(NArP3)Co(Cl)][BPhy] is high-spin

(S = 3/2), with a solution magnetic moment of 3.97 S, in CD,Cl, at 23 °C. We also tested
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a known bis(phosphino)boryl Co(N;) complex (Table 2.2, H),?” as well as various other
common Co complexes (Table 2.2, I-K). Of all of the cobalt precursors subjected to the
standard conditions, only P3B-ligated Co complexes generated > 0.5 equiv of NH3 per metal

center.

2.2.3 Factors Correlated to N; fixation Activity

At this point, we can begin to delineate the structural and electronic factors correlated
to NH3 production by (P35 )M complexes. Among (PsF)Fe complexes, NH3 production
appears to be correlated both with the flexibility of the M—E interaction and with the degree
of N, activation, with more flexible and more activating platforms providing greater yields
of NH3. Moving from Fe to Co, the degree of N, activation is systematically lower, which
is expected because of the decreased spatial extent of the Co 3d orbitals (due to increased
Z.q).>® Nevertheless, NH; production is still correlated among these (P3¥)Co complexes
with N, activation. However, comparing the Fe and Co complexes demonstrates that, in
an absolute sense, the degree of N; activation is not predictive of the yield of NH3 (Figure
2.7). For example, [Na(12-c-4),][(P35))Fe(N,)] shows a higher degree of N, activation than
[(P3B)Co(N»)]™, yet [(P32)Co(N»)]~ demonstrates higher N»-to-NH3 conversion activity.
The relative activity of these two complexes is predicted, on the other hand, by the flexibility
of the M—E interactions frans to bound N,. Indeed, among the factors considered here,
only M-E interaction flexibility appears to predict the comparatively high N, conversion

activity of [(P3B)Co(N,)]~.

The potentials at which the anionic states of the complexes depicted in Figure 2.7 are
achieved do not follow a clear trend regarding their relative N conversion activity. However,
a comparison of the Fe and Co systems does demonstrate that the accessibility of highly
reduced, anionic [(P3F)M(N?)]~ complexes is favorably correlated to NH3 production.
It may be the case that the relative basicity of the S-N atom (Ng) plays an important

role in N conversion activity, with anionic species being appreciably more basic. The
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Figure 2.7: Vibrational spectroscopy, electrochemistry, and catalytic competence data for
select [(P3E)M(Ny)]~ complexes. Data for M = Fe and E = B are from [21, 26], data for M
=Fe and E = C, Si are from [22, 35]. Note: NHj3 yields based on the addition of 50 equiv
of HBAr", and 60 equiv of KCg.

enhanced basicity of N in the anion would, in turn, favor protonation to produce a diazenido
complex, Co(N,H), the first intermediate along a Chatt-type nitrogen fixation pathway.
Considering the complexes [(P3B)Co(N»)]™ and (P3€)Co(N3), neutral (P3€)Co(N,) affords
< 5% NH3 per Co under the standard reaction conditions, whereas the isoelectronic and
isostructural, yet anionic, species [(P3B)Co(Ny)]~ produces > 200% NHj3 (Table 2.2).
We have performed quantum-chemical calculations to compare molecular electrostatic
potentials of [(P3B)Co(N»)]~ and (P3€)Co(N»). As shown in Figure 2.8, in accordance
with expectations, Ny of the anionic complex [(P3B)Co(N;)]~ shows a far greater degree of
negative charge accumulation relative to the same atom in the neutral complex (P;5)Co(Ny).
Corroborating this analysis, monitoring mixtures of (P3©)Co(N») with 1 equiv of MeOTf
or TMSOTT reveals no reaction over the course of hours at room temperature, i.e., Ny is not

sufficiently basic to undergo attack by electrophiles.

2.2.4 Reactivity of (P3¢)Co(N;) with H;

Given that the N, ligand of (P3©)Co(N3) does not appear to be sufficiently activated
to undergo protonation at Ng, we hypothesized that, instead, protonation at Co to produce
a hydrido species may occur under catalytic conditions. This reactivity has been proposed

21,22

to occur for (PsF)Fe complexes, and may contribute to catalyst deactivation (however,
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+0.15

-0.15

Figure 2.8: Electrostatic potential maps of (P36)Co(N») and [(P3B)Co(N,)] (isovalue =
0.015 a.u., color map in hartrees) and Mulliken charges for Ng.

see Chapter 3). To explore this possibility, we investigated the reactivity of (P3¢)Co(N,)

towards Hj.

Exposure of (P3€)Co(N») to 1 atm of Hj results in an immediate color change along
with the quantitative formation of a new diamagnetic species. The >'P NMR spectrum of this
species exhibits a single broad resonance at 80.0 ppm, and the 'H NMR spectrum exhibits a
resonance at —16.0 ppm, which at room temperature is coupled to three equivalent P atoms
(*Jup = 33 Hz) and integrates to 2 H per molecule. Two limiting structural assignments are
consistent with these data, a nonclassical Co(I) H, adduct or a classical Co(III) dihydride.
In either case, rapid exchange of the H atoms produces a C3 symmetric structure on the
NMR time scale from 213 to 298 K. Temperature dependent spin—lattice relaxation (77)
studies show that 71 min = 90 ms (233 K, 500 MHz). The expected range of 77 i for a
nonclassical hydride is < 160 ms, and that for a classical dihydride is > 300 ms (at 500
MHz). However, these values hold only if the dominant relaxation mechanism is due to
dipolar coupling between the metal-bound H atoms. When other relaxation mechanisms
exist, for example dipolar coupling to a metal with a high gyromagnetic ratio (e.g., Co,
y ~ 10 MHz T~!), these ranges are no longer accurate.> In these cases, a measurement of
! Jup can be more conclusive, with values > 10 Hz typically taken as strong evidence of a

nonclassical structure.*°
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Exposing (P3)Co(N3) to one atmosphere of 1:1 H,:D; rapidly leads to H/D scram-
bling, as evidenced by the observation of HD gas (' Jyp = 43 Hz) by 'H NMR. More-
over, an additional resonance is observable 0.04 ppm upfield of the hydride resonance of
“(P3;%)Co(H,)”, which is assigned to the hydride resonance for “(P;%)Co(HD)”. Although
this resonance is coupled to three equivalent P nuclei (>Jyp = 33 Hz), no H-D coupling is
observed (Figure 2.9, A). Given the approximate FWHM of 17 Hz for this resonance, any
unresolved H-D coupling must be quite small, < 10 Hz.

A

T1, min = 90 ms
1Jup not detected

T1, min = 95 ms
1Jyp Not detected

T4, min =29 ms
1Jup = 30 Hz
-15.6 -15.8 -16 -16.2 -16.4
4 (ppm)

Figure 2.9: (A) The hydridic '"H NMR resonances of (P3€)Co(H), (bottom) and a mixture
of (P3%)Co(H), and (P3€)Co(H)(D) (middle and top). The top spectrum is the TH{3'P}
spectrum corresponding to that in the middle, and shows a spectral deconvolution. (B)
Summary of the Co—H, chemistry described in the text.

We can compare these results with isoelectronic Co complexes featuring tetrapodal C3
symmetric ligand scaffolds. Heinekey and co-workers have performed a detailed investiga-

tion of the structural dynamics of [(PP3)Co(H),]" (PP3 = tris(2-diphenylphosphinoethyl)-
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phosphine).40 For this complex, 71 min = 95 ms (226 K, 500 MHz), and no H-D coupling
is observed for the monodeuterated isotopologue. These data were used to argue that
[(PP3)Co(H),]" is properly formulated as a classical dihydride, with the moderate value of
T, min due to dipolar coupling to the Co nucleus. In contrast, we have previously character-
ized (P35")Co(H,) as a nonclassical H, adduct on the basis of the low T, min (29 ms, 243 K,
500 MHz) and large ! Jyp coupling constant of the monodeuterated isotopologue (30 Hz).?’
The similarity between “(P3;%)Co(H,)” and the PP; complex leads us to conclude that the
former is best described as a classical Co(IIT) dihydride—(P3€)Co(H), (Figure 2.9, B). In
support of this formulation, the IR spectrum of (P;€)Co(H), exhibits a broad resonance at
1827 cm™!, with a shoulder at 1801 cm™!, attributed to the two Co—H stretching modes

expected for a dihydride complex.

Although (P3€)Co(H); is stable to vacuum, exposure of solutions of (P36)Co(H), to
N, results in the formation of (P3©)Co(N»), presumably via an associative mechanism. This
behavior is identical to that of the isoelectronic (P33)Co complexes.27 Nevertheless, these
results serve as an instructive demonstration of the difference in donor properties conferred
by E = C vs Si in (P3F)M complexes. If the values of vy can be taken as an indicator of the
electron density at the metal center, then even the modest reduction of 6 cm™! observed for
(P3%)Co(N>) relative to (P3)Co(N,) (Table 2.1) is sufficient to promote the cleavage of H,
at the Co(I) center of the former, as opposed to adduct formation at the latter. This reinforces
the idea that the P35 ligand is more electronically-similar to P;® than it is to P;C—that is, a
[R3Si]* disconnection is appropriate for E = Si, whereas the [R3C:]™ resonance dominates

when E = C (vide supra, Figure 2.6).

2.3 Conclusion
We have demonstrated the ability of a molecular Co(N;) complex to facilitate the
conversion of N, to NH3 at —78 °C in the presence of proton and electron sources (2.4

equiv of NH3 generated per Co center on average). Prior to this report, the only well-
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defined molecular systems (including nitrogenase enzymes) capable of directly mediating
the catalytic conversion of N, to NH3 contained either Mo or Fe. While the measured NH3
production by the featured Co complex is very modest with respect to bona fide catalysis,
this result highlights non-biological Group IX metals as targets for the development of
synthetic N, fixation catalysts. Indeed, subsequent to this work, the group of Nishibayashi
has reported a (PNP)Co complex that catalyzes the reduction of N, to NH3 under the same

reaction conditions as (P3B)Co.*!

The propensity of the (P3¥)M complexes that we have studied to perform productive N,
fixation does not appear to depend solely on the ability of the precursor complex to activate
N». The observations collected herein indicate that the anionic charge and hence the basicity
of the bound N ligand, in addition to flexibility of the M—E interaction trans to the bound
N ligand, correlate with more favorable NH3 production. Of course, correlation does not
presume causation, and the factors that lead to different NH3 yields may be numerous.
While some of the design features important to consider in catalysts of the (P3®)M(N,) type
have been highlighted here, other factors, including the comparative rates of Hp evolution

and catalyst degradation/poisoning rates, warrant further studies.

2.4 Experimental Section
2.4.1 General Considerations

All manipulations were carried out using standard Schlenk or glovebox techniques
under an N, atmosphere. Solvents were deoxygenated and dried by thoroughly sparging
with N, followed by passage through an activated alumina column in a solvent purifica-
tion system by SG Water, USA LLC. Nonhalogenated solvents were tested with sodium
benzophenone ketyl in tetrahydrofuran (THF) in order to confirm the absence of oxygen
and water. Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.,
degassed, and dried over activated 3-A molecular sieves prior to use. HBAr,,*? KCg,*?

(P3%)Co(N2),?” (P3%)Co(Br),%” (P3%")Co(N3),” NArP3,*® (PBP)Co(N2),” (P;)H,* and
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Co(PPh3),I,* were prepared according to literature procedures. All other reagents were
purchased from commercial vendors and used without further purification unless otherwise
stated. Et,O for NH3 generation reactions was stirred over Na/K alloy (> 2 h) and filtered

before use.

2.4.2 Physical Methods

Elemental analyses were performed by Midwest Microlab, LLC (Indianapolis, IN).
'H and '3C chemical shifts are reported in ppm relative to tetramethylsilane, using 'H
and 13C resonances from a residual solvent as internal standards. 3!'P chemical shifts are
reported in ppm relative to 85% aqueous H3POy4. Solution-phase magnetic measurements
were performed by the method of Evans.*’ IR measurements were obtained as solutions
or thin films formed by the evaporation of solutions using a Bruker Alpha Platinum ATR
spectrometer with OPUS software. Optical spectroscopy measurements were collected with
a Cary 50 UV-vis spectrophotometer using a 1 cm two-window quartz cell. Electrochemical
measurements were carried out in a glovebox under an N, atmosphere in a one-compartment
cell using a CH Instruments 600B electrochemical analyzer. A glassy carbon electrode was
used as the working electrode, and platinum wire was used as the auxiliary electrode. The
reference electrode was Ag/AgNO; in THF. The Fc*/% couple was used as an internal
reference. THF solutions of the electrolyte (0.1 M [TBA][PFs]) and analyte were also
prepared under an inert atmosphere. X-band EPR spectra were obtained on a Bruker EMX

spectrometer.

X-ray diffraction (XRD) studies were carried out at the Caltech Division of Chemistry
and Chemical Engineering X-ray Crystallography Facility on a Bruker three-circle SMART
diffractometer with a SMART 1K CCD detector. Data were collected at 100 K using Mo
K, radiation (1 = 0.71073 A). Structures were solved by direct or Patterson methods using
SHELXS and refined against F> on all data by full-matrix least squares with SHELXL-97.

All non-H atoms were refined anisotropically. All H atoms were placed at geometrically
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calculated positions and refined using a riding model. The isotropic displacement parame-
ters of all H atoms were fixed at 1.2 (1.5 for methyl groups) times Ueq of the atoms to which

they are bonded.

2.4.3 Synthesis

2.4.3.1 [Na(12-c-4),][(P3B)Co(N,)]

To a —78 °C solution of (P3®)Co(Br) (70.5 mg, 0.0967 mmol) in THF (2 mL) was added a
freshly prepared solution of NaCoHg (23.5 mg of C19Hg, 0.222 mmol) in THF (3 mL). The
solution was brought to room temperature and allowed to stir for 6 h. The addition of 12-c-4
(51.1 mg, 0.290 mmol) and removal of solvent in vacuo provided a dark-red solid. Et,O
was added and subsequently removed in vacuo. The residue was suspended in C¢Hg and
filtered, and the solids were washed with C¢Hg (2 X 2 mL) and pentane (2 X 2 mL) to furnish
a red solid (68.8 mg, 0.0660 mmol, 68%). Single crystals were grown by vapor diffusion
of pentane onto a THF solution of the title compound that had been layered with Et,O. 'H
NMR (400 MHz, THF-dg): ¢ 7.41 (3H), 6.94 (3H), 6.66 (3H), 6.44 (3H), 3.64 (32H), 2.29
(br), 1.37 (6H), 1.20 (6H), 0.93 (6H), —0.26 (6H). ''B NMR (128 MHz, THF-dg): 6 9.32.
3P NMR (162 MHz, THF-ds): 6 62.03. IR (thin film, cm™!): 1978 (N). Anal. Calcd for
CspHggBCoN,NaOgP3: C, 59.32; H, 8.23; N, 2.66. Found: C, 59.05; H, 7.99; N, 2.47.

2.4.3.2 [(P3®)Col[BArf4]

To a =78 °C solution of (P3®)Co(N,) (91.5 mg, 0.135 mmol) in Et;O (2 mL) was added
solid HBAr", (134.0 mg, 0.132 mmol). The reaction was brought to room temperature and
vented to allow for the escape of Hy. The purple-brown solution was stirred for 1 h. The
solution was layered with pentane (5 mL) and stored at —35 °C to furnish red-purple single
crystals of the title compound (162.9 mg, 0.0952 mmol, 82%), which were washed with
pentane (3 x 2 mL). "H NMR (400 MHz, CgDg): 6 26.25, 23.80, 8.64, 8.44 ([BArt4]7),
7.88 ([BArf4]7), 6.33, —2.16, —3.68. UV-vis [E0; 1, nm (e, L cm™! mol™")]: 585 (1500),
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760 (532). Anal. Calcd for CggHggB2CoFo4P3: C, 53.99; H, 4.40. Found: C, 53.94; H,
4.51.

2.4.3.3 (P39)Co(Ny)

(P3H (100 mg, 0.169 mmol) and CoCl,-1.5THF (40 mg, 0.169 mmol) were mixed at
room temperature in THF (10 mL). This mixture was allowed to stir for 1 h, yielding a
homogeneous cyan solution. This solution was chilled to —78 °C, and a solution of MeMgCl
in THF (0.5 M, 0.560 mmol) was added in three 370 uL portions over 3 h. The mixture
was allowed to warm slowly to room temperature and then was concentrated to ca. 1 mL.
1,4-Dioxane (2 mL) was added, and the resultant suspension was stirred vigorously for at
least 2 h before filtration. The filtrate was concentrated to a tacky red-brown solid, which
was extracted with 1:1 CgHe:pentane (10 mL), filtered over Celite, and lyophilized to yield
the product as a red powder (96 mg, 0.141 mmol, 83%). Crystals suitable for XRD were
grown via the slow evaporation of a pentane solution. "H NMR (300 MHz, C¢Dg): 6 7.28
(br, 3H), 6.82 (m, 9H), 2.82 (oct, -CH, 3H), 2.09 (sept, -CH, 3H), 1.49 (m, 18H), 1.06 (dd,
-CHCH3, 9H), 0.30 (dd, -CHCHj3, 9H). 3'P{'H} NMR (121 MHz, C¢Dg): 6 47.39. IR
(thin film, cm™"): 2057 (vnn). Anal. Calcd for C37Hs4CoN,P3: C, 65.48; H, 8.02; N, 4.13.
Found: C, 64.14; H, 8.36; N, 4.03.

2.4.3.4 (P39)Co(N2)][BArF,]

(P36)Co(N») (75 mg, 0.11 mmol) and [Fc][BArF4] (122 mg, 0.12 mmol) were dissolved
separately in Et;O (ca. 3 mL each), and the ethereal solutions were cooled to —78 °C. The
chilled solution of [Fc][BArt,4] was added dropwise to the solution of (P3;%)Co(N3), and the
resultant mixture was allowed to stir at low temperature for 1 h. At this point, the mixture
was allowed to warm to room temperature before filtration over Celite and concentration
to ca. 2 mL. The concentrated filtrate was layered with pentane and placed in a freezer

at —35 °C to induce crystallization. Decanting the mother liquor off crystalline solids
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and washing thoroughly with pentane yields [(P35)Co(N,)][BArF4] as dark green-brown
crystals (147 mg, 0.095 mmol, 86%). Crystals suitable for XRD were grown by the slow
diffusion of pentane vapors into an ethereal solution of [(P3€)Co(N»)][BArF,] at —35 °C.
Ues (5:1 toluene-dg-THF:dg, Evans method, 23 °C): 3.49 S.. '"H NMR (300 MHz, C¢Dg):
6 17.22,9.94, 8.24 ([BArF4]7), 7.72 ([BArF4]7), 3.13, 2.57, +1.5 to =2 (br, m), -3.68. IR
(cm™1): 2182 (vnn, thin film), 2180 (v, solution). Elemental analysis shows low values
for N consistent with a labile N; ligand. Anal. Calcd for CgoHggBCoF24N,P3: C, 53.75;
H, 4.31; N, 1.82. Found: C, 53.86; H, 4.31; N, 0.27. Note: The magnetic moment for
[(P3€)Co(N3)][BATF 4] in solution may be complicated by some degree of solvent exchange

for N, at the Co center, as described in the text.

2.4.3.5 [(NArP3)Co(CD][BPhy]

THF (5 mL) was added to a solid mixture of NArP3 (58 mg, 91.2 mmol), CoCl; (12 mg,
92.4 mmol), and NaBPhy (31 mg, 90.6 mmol). The reaction was stirred for 4 h at room
temperature, during which the color evolved from yellow to green to purple. The solvent
was removed in vacuo, and the residue was taken up in dichloromethane. The suspension
was filtered over a plug of Celite, and the filtrate was dried, yielding a purple powder (86
mg, 82.1 mmol, 90%). Single crystals were grown by the slow evaporation of a saturated
solution of [(NArP3;)Co(Cl)][BPhy] in diethyl ether:dichloromethane (1:2, v/v). 'H NMR
(CDCl,, 300 MHz): ¢ 177.77, 37.50, 23.78, 13.48, 12.96, 7.37, 7.08, 6.92, 4.41, 1.50,
~3.60, =9.81. UV-vis [THF; 1, nm (d, L cm~! mol™")]: 564 (452), 760 (532). tiefr (CD>Cls,
Evans method, 23 °C): 3.97 B.. Anal. Calcd for C43HgoBCICoNP3: C, 72.10; H, 7.68; N,
1.33. Found: C, 71.97; H, 7.76; N, 1.30.

2.4.3.6 (P3;°)Co(H),

In an NMR tube equipped with a J-Young valve, (P;6)Co(N») (13 mg, 0.019 mmol) was

dissolved in C¢Dg and degassed via a single freeze-pump-thaw cycle. The solution was
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then frozen, placed under an atmosphere of Hj, and thawed. The reaction is quantitative
by 'H and *'P NMR spectroscopy. Isolating a brown solid is possible by lyophilization
of this solution, but accurate yields could not be obtained due to reversion to the starting
material upon exposure to an atmosphere of Ny; for this reason, elemental analysis was not
conducted. 'H NMR (300 MHz, C¢Dg) 6 7.35 (d, 3H), 7.09 (d, 3H), 6.98 (t, 3H), 6.90 (t,
3H), 2.10 (m, -CH, 3H), 1.96 (m, -CH, 3H), 1.49 (m, 18H), 0.90 (dd, -CHCH3, 9H), 0.63
(br, -CHCH3, 9H), —16.0 (q, CoH, 2H, > Jyp = 33 Hz). 3'P{'H} (121 MHz, C¢Ds): 6 80.0.
IR (thin film, cm™"): 1827, 1801 (shoulder) (vcom).

2.4.4 Standard NH3; Generation Reaction Procedure

[Na(12-c-4),][(P3B)Co(N»)] (2.2 mg, 0.002 mmol) was suspended in Et;O (0.5 mL)
in a 20 mL scintillation vial equipped with a stir bar. This suspension was cooled to —78
°C in a cold well inside of an N, glovebox. A solution of HBAr", (95 mg, 0.094 mmol) in
Et;O (1.5 mL) similarly cooled to —78 °C was added to this suspension in one portion with
stirring. Residual acid was dissolved in cold Et;O (0.25 mL) and added subsequently. This
mixture was allowed to stir for 5 min at —78 °C, before being transferred to a precooled
Schlenk tube equipped with a stir bar. The original reaction vial was washed with cold Et,O
(0.25 mL), which was added subsequently to the Schlenk tube. KCg (16 mg, 0.119 mmol)
was suspended in cold Et;O (0.75 mL) and added to the reaction mixture over the course
of 1 min. The Schlenk tube was then sealed, and the reaction was allowed to stir for 40 min

at =78 °C before being warmed to room temperature and stirred for 15 min.

2.4.5 NH;3 Quantification

A Schlenk tube was charged with HCI (3 mL of a 2.0 M solution in Et,O, 6 mmol).
Reaction mixtures were vacuum transferred into this collection flask. Residual solid in
the reaction vessel was treated with a solution of NaOrBu (40 mg, 0.4 mmol) in 1,2-
dimethoxyethane (1 mL) and sealed. The resulting suspension was allowed to stir for 10 min

before all volatiles were again vacuum-transferred into the collection flask. After completion
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of the vacuum transfer, the flask was sealed and warmed to room temperature. The solvent
was removed in vacuo, and the remaining residue was dissolved in H,O (1 mL). An aliquot
of this solution (20 uL.) was then analyzed for the presence of NHj (present as NH4Cl)
by the indophenol method.*? Quantification was performed with UV-vis spectroscopy by

analyzing the absorbance at 635 nm.
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Chapter 3

A SYNTHETIC SINGLE-SITE FE NITROGENASE: HIGH TURNOVER,
FREEZE-QUENCH °’FE MOSSBAUER DATA, AND A HYDRIDE
RESTING STATE

3.1 Introduction

The fixation of molecular nitrogen into ammonia is a transformation of fundamental
importance to both biology and industry,! a fact which has prompted mechanistic study of
the few known systems capable of catalyzing this reaction. The industrial Haber—Bosch
process has been the subject of exhaustive investigation, resulting in a detailed mechanistic
understanding in large part supported by surface spectroscopic studies on model systems.>>
The nitrogenase family of enzymes provides an example of catalytic N, conversion under
ambient conditions and has also been studied extensively. While many questions remain
unanswered regarding the mechanism of nitrogenase, a great deal of kinetic and reactivity
information has been collected.* Additionally, important insights have been provided by

protein crystallography, X-ray emission spectroscopy, and site-directed mutagenesis studies,

as well as in situ freeze-quench ENDOR and EPR spectroscopy.”

Hypotheses underpinning the mechanisms of both of these systems are bolstered by
synthetic model chemistry and efforts to develop molecular N> conversion catalysts.!%!!
This search has yielded systems capable of the catalytic reduction of N, to hydrazine
(N,Hy),'>13 tris(trimethylsilyl)amine, 422 and a few examples of the direct catalytic fixation
of N, to NH3 (Figure 3.1).1%23#2 While a wealth of mechanistic information for the
original Mo catalyst system developed by Schrock has been derived from stoichiometric

43-45

studies and theory, in situ spectroscopic studies during catalysis have not been reported.

These synthetic catalysts operate under heterogeneous conditions and are likely to generate

Reproduced in part with permission from Del Castillo, T. J B Thompson, N. B.:" Peters, J. C. J. Am.
Chem. Soc. 2016, 138, 5341-5350. © 2016 American Chemical Society. TDenotes equal contribution.
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mixtures of intermediate species that are both diamagnetic and paramagnetic, making it
challenging to reliably determine speciation under turnover. This latter limitation is also
true of biological nitrogenases. While continuous-wave and pulsed EPR techniques can
and have been elegantly applied,® such studies are subject to quantum-mechanical selection
rules and practical limitations that restrict the range of observable species under turnover

conditions.

Iron is the only transition metal that is essential in the cofactor for nitrogenase function,
and this fact has motivated a great deal of recent interest in Fe(N») model chemistry.*6-4°
In recent years we have focused on a family of tetradentate ligands, (P3F), in which three
phosphine donors are bonded to a central atom through an o-phenylene linker (E = B, Si, C).
We have shown that (P3F)M (M = Fe, Co) complexes promote the binding and activation of
N>, as well as the functionalization of bound N, with various ele<:trophiles.50‘55 Moreover,
we discovered that (P3B)Fe and (P;°)Fe complexes mediate the catalytic reduction of N,
to NH3 at low temperature using a strong acid, HBAr',, and a strong reductant, KCg
(Figure 3.1, K).2%27 One unique aspect of these Fe-based systems is their suitability for
in situ spectroscopic study by freeze-quench 3’Fe Mossbauer spectroscopy. In principle,
this technique enables observation of the total Fe speciation as frozen snapshots during
turnover.>®>’ For single-site Fe nitrogenase mimics of the type we have developed, analysis
of such data is far simpler than in a biological nitrogenase where many Fe centers are

present.5 8,59

For the most active (P3®)Fe catalyst system, many (P3B)Fe(NXHy) model complexes
that may be mechanistically relevant (e.g., [(P3B)Fe]™, [(P3B)Fe(N»)], [(P3B)Fe(NNH,)]*,
[(P3B)Fe(NH3)]") have now been independently generated and characterized, including by
>TFe Mossbauer spectroscopy, and these data facilitate interpretation of the freeze-quench
Mossbauer data reported here. In combination with chemical quenching methods that we
present to study the dynamics of product formation, it becomes possible to attempt to

correlate the species observed spectroscopically with the N fixing activity to gain a better
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understanding of the overall catalytic system. Such a strategy complements the studies of
model complexes and stoichiometric reactions steps that we have previously undertaken and
offers a fuller mechanistic picture. While many questions remain, this approach to studying

N»-to-NHj3 conversion mediated by synthetic Fe catalysts is a mechanistically powerful one.

Here we undertake tandem spectroscopy/activity studies using the P;* (E = B, C,
Si) Fe catalyst systems and report the following: (i) two of these Fe-based catalysts (E =
B, C) are unexpectedly robust under the reaction conditions, demonstrating comparatively
high yields of NHj3 that are nearly an order of magnitude larger than in initial reports at
lower acid/reductant loadings; (ii) based on electrochemical measurements the dominant
catalysis by the (P3B)Fe system likely occurs at the [(P3B)Fe(N,)]Y/- couple, corroborated by
demonstrating catalysis with Na/Hg and electrolytic N;-to-NH3 conversion in a controlled-
potential bulk electrolysis; (iii) the (P3B)Fe system shows first order rate dependence on
Fe catalyst concentration and zero order dependence on acid concentration; (iv) kinetic
competition between rates of N, versus H* reduction are a key factor in determining whether
productive N,-to-NH3 conversion is observed; and (v) a metal hydrido-borohydrido species

is an off-path resting state of the (P3®)Fe catalysis system.

3.2 Results and Discussion
3.2.1 Increased Turnover of Fe-Catalyzed N, Fixation and Evidence for Catalysis at
the [(P3®)Fe(N;)]”~ Couple
Following our initial discovery that the addition of excess HBAr'4 and KCg to the
anionic dinitrogen complex [Na(12-c-4),][(P3B)Fe(N,)] at low temperature in Et;O under
an atmosphere of N, furnishes catalytic yields of NH3, we pursued the optimization of this
system for NHj3 yield (Equation 3.1).

. [(P3B)Fe(Ny)]~
N, + HBArF, + KCy S (G P oy 3.1)
Et,0, =78 °C

Under our initially reported conditions (in Et;O at —78 °C with 48 equiv of HBAr"4 and 58

equiv of KCg) the catalysis furnishes 7.0 + 1.0 equiv of NH3 per Fe-atom, corresponding to
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44% of added protons being delivered to N, to make NHj3. Initial attempts at optimization
showed that neither the overall concentration of the reactants nor the slow addition of the acid

and/or reductant substantially altered the yield of NH3; with respect to proton equivalents.

We have since examined whether the post-reaction material retained any catalytic
competence when more substrate was delivered. We found that if, after stirring at =78 °C
for 1 hr the reaction mixture was frozen (at —196 °C), delivered additional substrate, and
then thawed to —78 °C, significantly more NH3 was formed. Iterating this reloading process
several times resulted in a steady increase in the total yield of NH3 per Fe-atom (Figure 3.2),
demonstrating that some active catalyst remains at —78 °C, even after numerous turnovers.
This result implies that the yield of NH3 is limited by competitive consumption of substrate

in a hydrogen-evolving reaction (HER).

20

-
(¢)]
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Number of loadings

Figure 3.2: Yields of NH3 obtained using [(P3B)Fe(N,)]~ from successive reloading of
HBAr", and KCg to reactions maintained at < —70 °C in Et,O. Blue bars denote total
observed yields and white inset bars denote the average increase in total yield from the final
loading of substrate. Each loading corresponds to 48 equiv of HBAr'4 and 58 equiv of KCg
relative to Fe. Data presented are averages of two experiments.

The apparent stability of at least some of the catalyst at low temperature suggested
that it may be possible to observe higher turnover numbers if the catalyst is delivered more
substrate at the beginning of the reaction. Indeed, as shown in Table 3.1, addition of
increasing equivalents of HBAr", and KCg to [(P3®)Fe(N»)]™ at low temperature furnished

steadily increasing yields of NHj relative to catalyst, with a maximal observed yield of
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64 equiv of NH3 per Fe-atom (average of 59 + 6 over 9 iterations, Table 3.1, entries 1-
5) at an acid loading of 1500 equiv with respect to Fe. This yield is nearly an order of
magnitude larger than that reported at the original acid loading of 48 equiv. We note that
the yields of NH3 under these conditions are highly sensitive to the purity of the acid
source, unsurprising given the high acid substrate loading relative to catalyst. To obtain
reproducible yields, we have developed a tailored protocol for the synthesis of sufficiently
pure NaBArF 4/HBA1Y,, which is detailed in the Supporting Information. It is also important
to ensure good mixing and a high gas-liquid interfacial surface area to enable proper mass
transfer in the heterogeneous reaction mixture. We also note that efficient catalysis requires

the lowering of the catalyst concentration relative to substrate, rather than vice versa.

Having discovered that [(P3®)Fe(N,)]™ is a significantly more robust catalyst than orig-
inally appreciated, we investigated the activity of the alkyl N, anion [(Et;O)q 5 K][(P5C)Fe-
(N»)] toward N fixation at higher substrate loading. Significantly higher yields of NHj3
per Fe are also attainable using this catalyst, albeit with roughly 2/3 the activity of
[(P3B)Fe(N»)]~ (Table 3.1, entries 6-10). As a point of comparison, we also submitted
the silyl congener [Na(12-c-4),][(P35)Fe(N3)] to these conditions and observed dramati-
cally lower yields of NH3, consistent with earlier reports (Table 3.1, entries 11 and 12).
Although the [(P3%)Fe(N»)]~ system displays worse selectivity for NH3 formation vs HER
than [(P3B)Fe(N»)]™ (vide infra), [(P33))Fe(N,)]~ still demonstrates catalytic yields of NH3

under sufficiently high substrate loading (up to 4 equiv of NH3 per Fe, Table 3.1, entry 12).

Table 1 also contains data for catalytic trials with the borohydrido-hydrido com-
plex (P3B)(u-H)Fe(H)(N») as a catalyst in mixed EtyO/toluene solvent. In the presence
of admixed toluene (P3B)(,u—H)Fe(H)(N2) is observed to be partially soluble and demon-
strates competence as a catalyst (Table 3.1, entry 14); in the absence of toluene (P3®)(u-
H)Fe(H)(N») shows poor solubility and lower than catalytic yields of NH3 were observed
under the originally reported catalytic conditions (0.50 + 0.1 equiv of NH;3 per Fe).?® The

significance of these observations is discussed below (Section 3.2.4).



Table 3.1: NH3 Generation from N, Mediated by Synthetic Fe Catalysts®

Catalyst
N, + HBArf, + KCg ————— NHj

Et,0, -78 °C
Entry Catalyst [Fe] (mM) HBArf, (equiv) KCg (equiv) Variation NH3j/Fe (equiv) yield NH3/H* (%)

1 [(P3B)Fe(N»)]~ 1.3 48 58 - 73+0.5 45+ 3

2 [(P3B)Fe(N»)]~ 0.64 96 120 - 12+ 1 38+3

3 [(P3B)Fe(N»)]~ 0.43 150 185 - 17.4 +0.2 35.6+0.4
4 [(P3B)Fe(N»)]~ 0.08 720 860 - 43 +4 18 +2

5 [(P3B)Fe(N»)]~ 0.04 1500 1800 - 59+6 12+1
6” [(P3C)Fe(N»)]~ 1.0 37 40 [HBArf4] = 31 mM 4.6+0.8 36+6

7 [(P3€)Fe(N»)]~ 0.56 110 120 - 11.3+0.9 312

8 [(P3C)Fe(N»)]~ 0.28 220 230 - 14+3 19+4

9 [(P3€)Fe(N»)]~ 0.08 750 810 - 19+4 72
10 [(P3C)Fe(N»)]~ 0.04 1500 1600 - 36 +7 7+1
11¢ [(P3S)Fe(N»)]~ 0.58 48 58 [HBArf4] = 31 mM 0.8+0.5 5+3
12 [(P35)Fe(N,)]~ 0.04 1500 1800 - 3.8+0.8 0.8+0.2
13 (P3B)(u-H)Fe(H)(N» )4 - 150 185 3% toluene 1.1 +£0.1 24+0.3
14 (P3B)(u-H)Fe(H)(N,) 0.44 150 185 25% toluene 5.6+0.9 12+2
15 [(P3B)Fe(N»)]~ 0.41 150 185 25 equiv NH3 added 6.4+0.1 13.2+0.2
16 [(P3B)Fe(N»)]~ 041 150 0 1900 equiv 10 wt% Na/Hg 5.0+0.2 10.3+0.5

Fe precursor, HBArF,, KCg, and Et,O sealed in a vessel at —196 °C under an N, atmosphere followed by warming to —78 °C and stirring at —78 °C.
Unless noted otherwise, [HBArF 4] = 63 mM. Yields are reported as an average of at least 2 iterations.

bData taken from [27].

“Data taken from [26].

4Not fully soluble under reaction conditions.

61
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The efficiency of NH3 production with respect to acid substrate decreases under in-
creasingly high turnover conditions for these Fe systems. Our understanding of the HER
kinetics (vide infra) rationalizes this phenomenon in that under comparatively low catalyst
concentration (which engenders higher turnover) the background HER should be increas-
ingly competitive, thereby reducing the N, fixation efficiency. The product of the reaction
(NH3) may also act as an inhibitor of catalysis. To test this latter possibility, catalytic runs
with 150 equiv of HBArF4 and 185 equiv of KCg in the presence of [(P3®)Fe(N,)]~ were
conducted with the inclusion of 25 equiv of NH3 (Table 3.1, entry 15). The fixed N, yield
of this reaction is substantially lower than that of the comparable experiment without added
NHj; (Table 3.1, entry 3). One contributing cause for NH3 inhibition is that it sequesters
HBArY, as [NH4][BArf4]; however, the yield of NH3 observed in entry 15 is suppressed
compared to an experiment with only 100 equiv of HBArF 4. This observation indicates that
NH3 inhibits the catalytic reaction, and that the degree of inhibition is more substantial than

a stoichiometric leveling of the acid strength.

We also sought to establish the minimum reducing potential required to drive catalysis
with [(P3B)Fe(N,)]~. We have shown in previous work that [(P3®)Fe(N,)]~ reacts favorably
with HBArY, in Et,O at —78 °C along a productive N, fixation pathway.” Specifically,
[(P3B)Fe(N3)]~ can be doubly protonated in Et;O at —78 °C to generate [(P3B)Fe(NNH,)]*
(Equation 3.2). If only stoichiometric acid is present, [(P3B)Fe(N,)]™ is instead unproduc-
tively oxidized to (P3B)Fe(Ny) (Equation 3.3). We have only observed net oxidation in
the reaction of the neutral (P3®)Fe(N,) state with HBAr"4 in Et,O to produce [(P3®)Fe]*

(Equation 3.4).
[(P3B)Fe(N,)]” + xs HBArF, — [(P3B)Fe(NNH,)]" (3.2)

[(PsB)Fe(N,)]” + HBArF, — (P3B)Fe(N,) + 0.5 H, (3.3)

(P3B)Fe(N,) + HBAMY, — [(P3®)Fe(N,)]” + 0.5H, (3.4)



51
These observations suggest that N,-fixing catalysis likely occurs at the [(P3B)Fe(N,)]/-
redox couple (2.1 V vs Fc*/9), but not at the [(P3®)Fe]*/(P3B)Fe(N,) potential (—1.5 V vs
Fc*/9). We have explored this hypothesis via cyclic voltammetry (CV) experiments. Figure
3.3 shows electrochemical data for [(P3B)Fe]* dissolved in Et,O at —45 °C under 1 atm N,
in the presence of 0.1 M NaBArt, as a soluble electrolyte to create a modestly conductive
ethereal solution; data were not collected at —78 °C due to lower solubility of NaBArt, at
that temperature. The blue trace shows the expected irreversible [(P3B)Fe]*/(P3B)Fe(Ny)
feature centered around —1.5 V and the [(P3®)Fe(N)]%/~ couple at —2.1 V, as previously
reported.52 The red trace shows the electrochemical behavior of [(P3®)Fe]* in the presence
of 5 equiv of HBArY;. The data reveal a sharp plateaued increase in current coinci-
dent with the [(P3B)Fe(N2)]O/ ~ redox couple, and very little increase in current at the
[(P3B)Fe]*/(P3B)Fe(N,) feature. The onset of the rise in current at the [(P3B)Fe(N,)]%/~
couple intimates that electrocatalysis may be feasible, and that chemical reductants with
weaker reduction potentials than KCg may also be competent for N>-to-NH3 conversion
catalyzed by [(P3B)Fe(N,)]~. Also, the onset potential of the pseudo-catalytic wave does
not shift from the [(P3B)F€(N2)]O/ ~ couple, indicating that this reduction precedes the first

protonation event.
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Figure 3.3: Cyclic voltammetry of [(P3B)Fe][BArf4] in the presence of O (blue) and 5 (red)
equiv of HBArF,, collected in Et,O with 0.1 M NaBArF, electrolyte at —45 °C using a
glassy carbon electrode and referenced to the Fc*/° couple. Scan rate is 100 mV s~
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To determine whether electrolytic N»>-to-NH3 conversion contributes to the feature
observed in the CV data,® a controlled-potential bulk electrolysis of [(P3B)Fe]* and 10 equiv
of HBAr" 4 in Et,O at —45 °C under 1 atm N; in the presence of 0.1 M NaBArt, electrolyte
with a reticulated vitreous carbon working electrode was performed. The electrolysis was
held at —2.6 V (vs Fc*/%) for 4.6 h, after which time 5.85 C of charge had been passed.
Product analysis revealed the formation of NH3 (18% faradaic efficiency) as well as Hy
(58% faradaic efficiency). The amount of NH3 generated in this experiment corresponds
to 0.5 equiv with respect to Fe and 14% yield with respect to acid. When the experiment
was performed at higher acid loading (50 equiv), the NH3 yield increased substantially (2.2
equiv per Fe; 25% faradaic efficiency; electrolysis held at —2.3 V in this instance with 8.39 C
charge passed over 16.5 h). Thi